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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
lechnology 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.

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



I. 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

oatients. In other words, they do not dynamically "sense" and "control" impedance in

man-machine interaction.

Diikers 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,



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 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 development. In the world of therapy, direct "hand-over-hand" instruction is

an effective technique for teaching, especially patients at an early stage of cognitive

jevelonment 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



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 wl performs required

motion while the computer records the information. (2) The therapist lets the patient

'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 3

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

folded



(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

and-effectors, the required rotational travel is limited at 45 degrees of flexion/extension,

90 degrees of pronation/supination, and 30 degrees of abduction/adduiction.

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.

[.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.



Chapter 2

Anthropometry



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.

able 2.11 shows a distribution of disabilities by, diagnosis.

Disability

Visual:
25% Vision loss
50% Vision loss
75% Vision loss
100% Vision loss

Orthopedic aids:
Wheelchairs
Crutches
Canes
Walkers
Braces
Artificial Limbs
Special Shoes

Auditory:
Deaf
Hard of Hearing

cardiovascular:

Respiratory:
Mental Retardation:

Arthritis:

Aging: Over age 65

Childhood: Age 5-12

Pregnancy:

409,000
443,000

2,156,000
404,000
,102,000
172,000

2.337.000

1,800,000
18,300,000

7,600,000

14,500,000

5,120,000

18.300.000

7,000,000

32,550,000

3,730,000

Total = 121,313,000

Total U.S. population = 215,000.000

Table 2.1 Distribution of U.S. Disabilities by Diagnosis

. Michigan Center for a Barrier-Free Environment by Salem, BarrierFree 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

apper-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



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.
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Sig. 2.1 Anthropometrics of Average Chairbounded Man and Woman
(Use with Table 2.2)

Sources: Humanscale 7/8/9

in
MALE

cm

A 62.25 158.1
16.25 413
8.75 22.2

18.5 47.0
25.75 654
28.75 73.0
19.0 48.3
51.5 130.8
58.25 148.0

F

»

In
FEMALE

cm

56.75 144.1
17.5 44.5
7.0 17.8

16.5 41.9
23.0 58.4
26.0 66.0
19.0 48.3
47.0 1194
53.24 135.2

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

0 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

 on 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. Al 17-1961, Revalidated 1971
5 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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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 Age 9-12 84(21.3) 5(12.7) 13.3(33.8) 22.3(5606) 30.6(77.7) 18.1(46)
Small female 8.8(22.4) 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)
Avg.male/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

nerformance 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

0 be 18 inches which is equal to the standard width of a wheelchair for a small female.

This 15X18 area is directly in front of the user's body, covering the most efficient

work area.
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Youthage 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) 1640.6) 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\

Avgmale/Lg female 17.2(43.7) 922.9) 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



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).

Fhe 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

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

! Derive from Diffrient, Tilley. Harman, Humanscale7.MITPress,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

Male flight personnel
Male basic trainees
Female basic trainees
Naval aviators

Sth

1.
0

Percentiles (inches)
95th

i
1

| «

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 Cott. Kinkade, HumanEngineeringGuidetoEquipmentDesign.McGraw-Hill,1963



Population

MALE:
Air Force personnel
Cadets
3unners
Basic trainees
Army personnel:
Aviators
Separatees, white
Separatees, black
Truck and bus drivers
Naval aviators

FEMALE:
Air Force personnel
Pilots
light nurses
Basic trainees
Army personnel
College students

Sth

6.9
a

3.)
c 9

65.9
1.0
1.3
7.1
70

5.4
5.5
6.2
6.4
6.2

Percentiles (inches)
95th

RN
? 2
8.1
82

8.1
8.2
R.7
8.1
8.1

7.4
7.4
7.3
7.4
7.2

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

Population

MALE:
Air Force personnel
Cadets
Gunners
Basic trainees
Army personnel:
Separatees, white
Separatees, Negro
Truck and bus drivers
Army aviators
Naval aviators

FEMALE:
Air Force personnel:
Pilots
Flight nurses
Basic trainees
Army personnel

Stl
Percentiles (inches)

05th

&gt; 2

11
3.1
32

7
27
3.6
37

S
«

3.1
3.2
3.2
3.2
33

3.8
3.8
3.8
3.8
3.8

2.8
2.8
27

3.3
3.2
34
 ' 4

Table 2.6 Hand Breadth Measured at MetacarpallO

&gt; Van Cott, Kinkade, Human Engineering Guide to Equipment Design, McGraw-Hill, 1963
10 van Cott. Kinkade,HumanEngineeringGuidetoEquipmentDesign,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.)

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

segments of the population.

Population
yl.

Percentiles (inches)
95th

A—

Male flight personnel
Male basic trainees

female basic trainees

Naval aviators

3.7

3.7

3.2

Y)

4 4

4.5

4.)

4 §

Table 2.7 Hand Breadth Measured at Thumb}

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 Sth percentile.

1 van Cott. Kinkade. HumanEngineeringGuidetoEquipmentDesign,McGraw-Hill,1963
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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 handbooklI-3 12 and Human

Factor Engineering.13

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 AFSCDesignHandbook 1-3, Jan 1977, Department of the Air Force, Headquarters Air Force
Systems Command. Andrews AFB. DC 20334. pp. 16-17



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.

[n 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 wristis fully adducted, small degrees of flexion/extension are allowed.
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2.2.2 Finger Movement

Che 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.
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Fig. 2.8 Radial and Ulnar Finger Movement
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Fig. 2.9 Flexion and Extension Finger Movement



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.

Ll 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.

F
D

oe
Internal

Extermi

Fig. 2.10 Internal and External Shoulder Movement

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

zlevation, flexion, and hyperextension. In Fig. 2.12, shoulder abduction is shown.
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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

ased in the design of the manual teaching aid, but only as a guideline.

2.2.4 Elbow and Forearm Movement

[he 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

zlbow joint called elbow flexion and extension. Again extension is the reverse of

;lexion (see Fig. 2.13).
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Fig. 2.13 Flexion Elbow Movement
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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

anmodelled. 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



the actuator. On the other hand, insufficient power would limit the therapeutic

performance.
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Fig. 2.15 Arm Strength in Seated Position of Weak Man and Woman



[f 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 humanscale714.

Arm strength of seated bodies, both in push/pull and sideways in different reaches have

oeen 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

reaching 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.

[n 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



Chapter 3

Design Specifications



3 Design Specifications

5.1 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

ections.

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.



3.1.2 End-point Friction
End-point static friction of about 3 +/-1 ounces or less (without control of

:mpedance) 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
[nside the workspace, effective inertia of the mechanism and actuators reflected

0 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
[n 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.



3.2 Workspace

3.2.1 Size of Workspace

I'he 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

anit 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.



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!5 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

1p. 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

'&gt; Abul-Haj C.J., Hogan N., Functional Assessment of Control Systemsfor Cybernetic Elbow
Prostheses, IEEE Transactions on Biomedical Engineering, 1990
'\6 Faye I. C., AnImpedanceControlledManipulandumForHumanMovementStudies, MIT SM
Thesis. 1986



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

0 allow several different end-effectors for different operations to be installed on the

‘obot.

3.6.2 Degrees of Freedom
[n 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

Pronation
Supination
Flexion
Extension
Abduction
Adduction

Degrees (°) Remark
2

1

1

from flip-down palm position
from flip-down palm position

r
|

1)

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
[n 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.



Chapter 4

Kinematic Selection



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

nlanning 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



-

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 spacel8. 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, EI. MechanicalDesingofRobots.NewYork,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.19. 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

oending stress.

9 Poole. H., FundamentalsofRoboticsEngineering,VanNostrandReinhold,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

detter 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



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

he user which is a direct burden to the actuators.

NN
4 »

Sig. 4.3. Spherical Coordinate Configuration

20 Asada, H. and Youcef-Toumi, K, Direct-drive robot, MIT Press, Cambridge, 1988
21 Hirose, S. Umetani, Y.,Acartesian coordinates manipulator with articulatedstructure, 11th
(nternational Symposium on Industrial Robots, Tokyo, Japan 1981



4.1.4 SCARA Frame

[f 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.

[he 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.

——
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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. RobotTechnology. Vol.1. Prentice Hall, 1983



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

ut 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... 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 (Ty of

G = (M+m)V 2/2

23 Pantoeranph mechanism
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where as the revolute joint requires total kinetic energy (Tr) of

Tr = ((Ly/L1)2 M+m)V 2p

10te that L/L is less than |

SE

 BD ™ J

=
Vo

L_

- —

L2
 |

 —_t
PD wm Y

Fig. 4.5 Prismatic and Revolute Joints

From the above equations, the revolute joint definitely requires less energy than

‘he prismatic one since ratio Lp/L1, which multiplies M, is always less than unity.

[n 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

&gt;nd-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



between the two joints.2# Figure 4.6 illustrates the ratio of kinetic energy between

revolute to prismatic joints for different mass ratios (M/m) given that the Ly/L1 is 0.5.

In terms of energy, the revolute joint has a substantial advantage over the

yrismatic joint in minimizing energy consumption.

Tr/Tq

0.71
0.6+
7.54
0.41
0.3+
0.2+
0.1

n

Kinetic energy ratio of revolute to prismatic joints

[aml 7E— el |

14 1.6 1.8 2 2.2 2.4 2.6 2.8 3- Kaa

\A/ m

Fig. 4.6 Ratio of Kinetic Energy of Revolute to Prismatic Joints

4.2... 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 Irvin, EL. MechanicalDesignofRobots.McGraw-Hill,NewYork,1988.
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~ig. 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
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is supported by a single shaft with two rotary bearings. The shaft has diameter d, and

he 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 &gt;and

IKO, Linear motion products 26 the average static friction coefficient of a typical linear

searing is 0.003 while that of rotary bearings?’ is 0.001. The required end-point

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

HTD wn[Fvp][1+2L/]
lu

“IT=Wr| Fvr,,a/D]

[t 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

anity, 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, ji and Jy 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.. Balland rollerbearings. 2nd.Ed.. John Wiley and Sons, NY. 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 Fir to Frp can be seen in Fig. 4.8.

Fr (lbf)
0.008

oor |
0.006 4

7.0054
0.004+
0.003

0.002

0.001 +

Revolute _
Jd

“ Prismatic

Frp (Ibf)

A [
0.8

0.6

0.4

0.2
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wpe
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A { 3 20 25 30 5 a4
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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



friction-drive prototype28 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 a, the prismatic joint requires an end-point force Fp which

is equal to.

-t J = (M+m)a

where the revolute joint requires end-point force Fr of

2
~~ |, 1 12

fr = 622Mim

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

 1Fr = +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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[n conclusion, the revolute joint has an advantage over the prismatic joint in

erms 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 ot 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 1s

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.

[nteraction 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 F;, 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 c). 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 F1- between links 1 and 2 has a reaction force F»1 equal in magnitude but

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

i
/. =-t91= F= Fb



eX

to
F-

-h
wall

-
i.

-

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

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

[f 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

(wo 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



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).

GL Link2

——  &gt;»
Link1

12

24

2 2
3

7
J 21

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-in2°. 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

-otary 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.

114

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



-

/ \

J\
Actuator

14 in.

[6 1n.

18 in.

20in. Wi
7in ™

24 1n.

26 1n.

’8 In.

WY »

 wv

CZ.
A ARRR

— 7.602

% 2s T. = 6.60z £7

2.307 Lm
5 8o0z

 oua
_

oh -

.

A 4 iN

 oy

WB
B
A

“ii

K
UC 4.80z

3.90

AD 4.40z
4.20z

DB 4.0oz
Workspace 4.602

15X18in. &lt;5 3.807
Ly

3 3.50z

2

A 5.20z
~. |

«a&gt; Der
’

Ih

&amp;
a

A WY,
5 / y

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



The numbers in ounces (0z.) 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.

[n 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.

“1

xr

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

ielescopic 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



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 ft can be estimated by

ft = oHm

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

Estimated ft can be shown by Fig. 4.16.

Friction and load for telescopic arm
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F1g. 4.16 Estimated Friction of Telescopic Arm of Cartesian Frame



Friction and load for lower carriage
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1p. 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

is 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.

p
_

1

\
8 Oz.

20 oz.

QQoo
OonpQV
79%
J 1 ©

fig. 4.19 Friction Distribution of Cylindrical Frame on the Workspace
and Graphical Comparison to SCARA Frame (small parallelogram)



4.3.2 End-point Inertia of Arms

Inertia 1s 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

rom

le = IH m+

vhere

Is is effective inertia of structural elements.

Im is effective inertia of motor.

Ir 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.



|J
||

c 211s
51s

oHSH——
Fig. 4.20 Inertia Distribution of Cartesian Frame on the Workspace and

Graphical Comparison to SCARA Frame (small ellipsoid)

1 NES

Telescopic arm (Y-axis)

[Lower carriage (X-axis)

Effective Inertia (Ibs)

21

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



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

nertia specification.

Ny —
rn

u

ig. 4.21 Five-bar Parallel Mechanism

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

he posture, or joint space of the whole mechanism. q1 and g» are angles of the upper



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. Lcl, Lc2, Lc3, 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 I1, Ip, 13, and Iy

consecutively.

(t is clear that even though there are four links joined together in this

mechanism, there are only two degrees-of-freedom, identified by ql 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

1 Dui(@) =| Hd 12

where

[11(@) = miLc12+m3Le32+mgL2+11+13

[12(q) = I21(qQ) = (m3LpL3+myL1Lcg)cos(q2-q1)

[r7(q) = moLey2+maLy2+myLeg2+r+]y

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



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

In Lagrangian dynamics, the inertia matrix can be defined by

™_
a 1,QTH(Q)Q

where H(q) is n x n inertia matrix represented in joint space Q = [q1,92,...qn]", 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

dy, QO

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

nomenta with respect to a Cartesian coordinate system fixed in space. so that

1

where JT is transpose of Jacobian matrix.

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

nb! Gp
where

G =JauT



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.It

urns 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.

J "-L,sin q; Losing,
Licosq, -Locosq,

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

32 Paul, R. P., Stevenson, C. N., KinematicsofRobotWrists,Int.J.ofRoboticsResearch,2-1,
11/38 1082



1 = Linu2 -1, 11,712) 12411

Now we can compute G as G = JH'J! as

2
1 1 pubiz2 \lhp1hyy1, I 12) x

AaClre

hi = LI, sin’q +2L 1Loly sing sing,+L3T, sing,
N19=hyy = L71,sinq,cosq -L 1Lol c0sq,sing,-L L,I, sing 1c0sq LI, 1S1nq,c0sq,,

hy, = L’I, cos2q +2LL,l; £0sq,cosq,+L31; cosq,,
[he estimated lengths for each link to cover 15X18 inches workspace are:

Li= 16 in.

L2= 6 in.

L3= 16 in.

Lc1= 8 in.

Lc2= 3 in.

Lc3= 8 in.

Lea= 15 in.[.a= 20 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.

Mp= 1 lbs.

M23 = 2 lbs.

I{= 1.32 Ib-in2

Ip= 0.13 Ib-in2

[3= 1.32 Ib-in2

Iu= 4.56 1b-in2Ma= 4 lbs.

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

mterval 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
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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

Fly. 4273.

5 1bs

P
31bs

dh
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



nertia, the cylindrical frame is not appropriate for the manual teaching aid's

configuration.

4 J  al Chanter conclusion

(n 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-

noint. 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 1s considered unsuitable for a backdrivable system.



[n 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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Transmission and Actuator Selection



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

zlectromagnetic 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

flectromagnetic 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.



wd

5.1.1 Linear Actuators

Applicable linear actuator systems that meet the backdrivable requirement are

inear 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

oroblem 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

aser's comfort.

33 Northern Magnetic



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

iransmission 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

0 by preloading mechanisms to produce friction force fQ between contact bodies as

shown in Fig.5.1.

\
Pt &lt;Q 7777 A

Fig. 5.1 Contact Condition of Friction/Traction Drive

[n 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

+ Um

34 Rivin. E. I., MechanicalDesignofRobots.McGraw-Hill.NewYork.1988
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where m is normally 1.5 for industrial applications and 2.5 for servodrives. Since

preload 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.

0 relatesto P as

0=75P tol25P for cylindrical rollers

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

)=15P to25P for cylindrical rollers

These equations give an idea of the magnitude of the preloading force QO

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

infavorable 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.



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.



5.2 Impact of Speed Reducer on Transmission Systems

[n general, speed reducers are transformers, reducing the speed of prime

MOVETS 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

iorque 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

1eed 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

ransmission 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

0 the output shaft.
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'

Output shaft
-

[deal peed reducer
100% efficientcy
no friction
no backlash

Fig. 5.2 Actuator and Ideal Speed Reducer

[n addition to the above assumptions for "ideal" speed reducers and

ransmission 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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Reduction
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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
I-5406

Infranor's
Axial air-gap®

MT-2000
MT-1000
MT-600
MT-300

Motor model

Static friction3
0z-in

EN A

32.0
51.0
36.0
42.0
46.0
47.0
49.8
64.0

40.3
134.4
57.6
86.4
138.2
69.12
138.2

15.2
17.0
16.6
12.0

Static friction3
07-1n

Rotor inertia?
10-3 oz-in-sec2

128
272
372
320
440
558
677
011

4416
1728
6144
11232
10022
15360
10368

850
1360
1116
1625

Rotor inertia?
10-3 oz-in-sec2

Weight?
o7

123
66.4
92.3
64.3
50.0
48
40

24.5

360
160
240
112
99
116
48

705.6
424.0
246.4
193 6

Weight?
07

p———

3

6
0

Note

PMI's
\xial air-gap’
JR25M8CH
'R16M4CH
JR16M4C
U12M4HA

25.0
33.0
66.0
65.0

1. [deal reducers which introduce no friction with
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 Series7.

700
756
756

1000

1120
280
216
176

Table 5.1 Reflected Static Fiction, Rotor inertia, and Actuator Weight
for Different speed Reducer Ratios
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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

gach construction category.



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

1d

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 (c) ). 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

35 Paul, B. J., A SystemsApproachtotheTorque ControlofaPermanentMagnetBrushlessMotor,
MIT SM Thesis (Artificial Intelligence Laboratory), 1987.
3 Levin, M. D., DesignandControl of aClosed-LoopBrushlessTorque Actuator, MIT SM Thesis
(Artificial Intelligence Laboratory). 1990.



1°00

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.

(&amp;,I ( Actuator
 -_

Upper
am

Upper
rm

o~

Linkages

Foream

&gt;

Tension media

©: Foream

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

[t 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

10w 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
[nstitute 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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1g. 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

[ension.

39 Townsend W.T.,The Effect ofTransmissionDesignonForce-Controlled Manipulator
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 | of each bearing is 0.003

Cable: AB092 aircraft cable with diameter (d) = .094 inches

diameter Maximum tension 960 1bf)

3 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-

iension 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.

£-,
Fig. 5.6 Pre-Tension Force on Cable

[herefore pre-tension forces F1 and F2 are

f= Fp =1.58129X2y _121 9 1pf.
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Bearing load on each pulley would generate friction f of

f= 2uF (32-1) = 2.2 1bf

Where P/L is set at 2.

[f the bearing pitch diameter is 1 inch then the generated friction on the pulleys (7) are:

" la |WY W.3)=221n-1b = 35.2 0z-111.

As compared to the motor friction of 0.44 inch-pound, cable drive contributed a

large portion of friction torque of d 2.2 inch-pound which is considerably higher (or

33.3 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
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bearings. 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.

*0' Eschmann. P., Balland 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

clement 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.

|
rd Original raceway form

™ Original rolling
ekement form

Fig. 5.7 Deformation of a Rolling Element and the Raceway
in the Direction of Rolling Motion
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LAE,
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

oearings 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

ro Ball and Roller Bearings?! the friction coefficient 1 is defined as

Ll = 2M/(i G)

where

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

F = resultant bearing load (N)

d = bore diameter (mm)

Bearing type

Deep groove ball bearings
Self-aligning ball bearings
Angular contact ball bearings, Single row
Angular contact ball bearings, Double row
Cylindrical roller bearings
Needle roller bearings
Spherical roller bearings
Tapered roller bearings
Thrust ball bearings
Spherical roller thrust bearings
Cylindrical roller thrust bearings
Needle roller thrust bearings

Friction coefficient LL

0.0015-0.003
0.001-0.003
0.0015-0.003
0.0024-0.003
0.001-0.003
0.002
0.002-0.003
0.002-0.005
0.0012
0.003
0.004
3004

Table5.2FrictionCoefficientJLforVariousRollingBearings
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., BallandRollerBearings, 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

SUDDOrt.

Features

Radial load
Axial load
Combined load
High speeds
High accuracy
Low noise
Low friction
Angular mis-
alignment

Deep groove
ball bearings

Good
Fair
Good
Excellent
Excellent
Excellent
Excellent
ood

Angular contact
ball bearings

Good
Good
Very good
Excellent
Excellent
Fair
Good
Poor

Table 5.3 Comparison of Deep Groove and Angular Contact Ball Bearings
Source: 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 theaxial load (30 times). Furthermore, what we really

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

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

orque at slow speed can be obtained using equation

M = 0.083f,Ppd_+1.88x10"%,d&gt;,

where
M is friction torque in foot-pounds

P y=i
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 a - 0.1F, whichever value is greater
o 1s the bearing contact angle
i , 1s thrust load, Fis radial load
fy 1s obtained from Table 5.5
d,, 1s the bearing mean diameter

Ballbearing type contact angele a 4)

Deep groove 10 0.0009 0.55
Angular contact 40 0.0013 0.33

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

Bearing type ~~ Vertical Mounting
Singlerowdeepgroove~~3.0-4.0
ball bearing

Single row angular contact 4.0
ball bearing

oo Table 5.5 Viscous Torque Factors
Source: SKF Engineering Data, SKF Industries, Inc., 1973
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Consider a case where dy, 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 to F..

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

oearings. 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.

[f 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



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.

[t 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
Filtered grease with high
viscosity base oil

Grease of penetration number 3;
grease thermal stability must
exceed operating temperature
Grease retaining its consistency;
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;
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)*3

42 Deutshchman, A., Micheals, W., Wilson, C., Machinery-Design, Macmillan
Publishing Co., Inc. New York, 1975
43 NSKBalland roller bearings. Nippon Seiko K.K.. Japan. 1986
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[n conclusion, single row deep groove ball bearings were selected for the

proposed machine, while a lithium thickener synthetic oil base with low viscosity was

~hosen as the lubricant.

5.5 Chapter Conclusion

[n this Chapter, we found that brushless DC motors with direct-drive

ransmission 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

hall bearings with lithium oil base will facilitate low friction joints.
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Sensor Selection



6 Sensor selection

5.1 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 robot44 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.

5.1.1 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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1024 21.09375
2048 10.54688
4096 5.273438
8192 2.636719
16384 1.318359
32768 0.659180
65536 0.329590
131072 0.164795
262144 0.0823997
524288 0.041199
1048576 0.020599

1265.625 0.1841
632.8125 0.0920
316.40625 0.0460
158.20313 0.0230
79.10156 0.0115
39.55078 0.0058
19.77539 0.0029
9.88770 0.0014
4.94385 0.00072
2.47192 0.00036
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

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, 1990SystemsDesion ReferenceVolume,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
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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.

a

Light Source
—
S—

Coded or Sloted
Disc

C— le — -_—| &gt; —
yi

— gle

—

Na

Light Sensor 8
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

oit changes at a time. Therefore, the maximum error of the encoder is only 0.5 bit.



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,

asually 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 is 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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Most resolvers generate unique output signals for each of the 360 degrees of

cotor 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.



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 eightsignal 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 CSI43 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.
16 Analog Devices, Motion Control Group, Central Avenue, East Molesey, Surrey,

KT8 OSN. England



* *)

6.2 Angle Measurement Using Resolvers

here are several methods ot using a resoiver to obtain precise shaft angle

0S1{10NS.

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
[n 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

‘he 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.



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

racking 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

ransmitter. The resolver is excited and produces sine and cosine outputs as usual.
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Fig. 6.4 Basic Resolver Tracking System

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

:0 input signal amplitude of each resolver are equal. The output of resolver A is:



Es3-s1

Es2-s4

V sin (A)

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.

[f resolver B is connected to resolver A as shown in Fig. 6.4. then the resolver

B's inputs are:

Es2B-s4B

E&lt;1B-&lt;3B

V sin(A)

V cos(A)

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 theposition 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.

5.2.5 Dual Converters

Dual converters are used to decode multispeed resolvers47. 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 approximate 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

racking.

[n 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).

5.3.1 Resolver-to-Digital Converters Selection

Before we select a resolver, we have to investigate the availability of the

cesolver-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-

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

Analog AD2S80
Devices AD2S82

AD2S83
16
1£

"F

, 168H100
168H200
|68H800
.68F500
.68H503
.68K400
{68K500 Zz
68M500 1°

2 arc min
2 arc min
8 arc min

1.3 arc min
3.5 arc min
1.3 arc min
24 arc min
20 arc sec
20 arc sec
7 arc sec

20 arc sec

0.51
0.51
0.51

&gt;
0.33

Single speed
Single speed
Single speed

Single speedSingle speed
Single speed
2-speed
2-speed
2-speed
2-speed
2-speed

lable 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

racking rate). Between H500 and K400 series, the 168K400 series is more attractive

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

55. Resolver Selecuon

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

Vernitron?8  VRP36-10 1/32 5/2048 2.23
VSP37-7 1/36 26/400 15.6
VSP37-8 1/36 11.8 15.3

30/.16
90/.5
90/.5

2.598 1.112 .200
3.500 2.080 .777
3.500 2.080 .750

N/A
N/A
N/A

Harowe49 31IRCX-300 1/32 26/1200 4.5/8.4 30/1 3.030 1.200 .600 12

Clifton0 SSJH19B1
SSJH23A1

1/36 10/1200
1/36 7/1000

6.4/1.8
3.4/1.6

20/.5
6/.33

1.840 .840 .525
2250 1.000 437

SSJH27B1 1/36
SSJTH31S6 1/36
SSJH44B2 1/36
SSJHS0A1 1/36

26/400 11.8/11.8  15/.25 2.630 1.220 .620 8.2
26/400 3.51/3.51 5/.5 3.030 1.200 .530 5.7
28/800  28/5.04 8/.13 4.400 3.000 .636 14
28/800  28/5.04 12/.13 5.000 3.46 .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, SSJTH44B2, and SSJTHS0A1. 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 SSJH 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, S00 Chesterfield Center, Suite 200, St. Louis,
MO 63017
50 Litton Clifton Precision, Marple at Broadway. Clifton Heights. PA 79018
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7 2.999

? .636 cl

A 4.395

Fig. 6.6 True Size Cross Section of SSJTH44B2 Multi Speed Resolver

[n 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 SSJTH44B?2 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

&lt;F
lo
Controller

36-Speed
Signal
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—

 —_
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it Speed |
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ed’

Motion
Command Motor input

Servo
Controller

Fig. 6.7 Architecture of Position Measurement Interfacing

I'he 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 SSTH44B2 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

65.4.1 DC Tachometers

DC tachometers are, in principle, DC motors. They have rotating coils on rotors

.urning inside a magnetic field produced by permanent magnetic elements on stators.

[nstead 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 ratio 1

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).

51 According to Craig Bemick, Inland Motor Inc.,



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 &amp; Negative "Noise" Spikes

4 ] A J J J

Peak-to-Peak
Voltage Excursion Average

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.



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.

5.4.2 Tachometer Selection

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

teaching aid.

specification

Output voltage at 0.008 rad/sec (min)
Output voltage at 8 rad/sec (max)
[nside diameter
Jutside diameter
Thickness
Weight (max)
Friction (max)
Ripple voltage (max)

value unit

200 mV.
+/- 10 Vv.

1-3 inches
3-5 inches

I-1.5 inches
2 pound
2 0z-in

507,92

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
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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 Vv mV % cy/rev mV Hz mV Hz

TG-2936

1.4
1.75
"Y

3.8 8.8
11.2 11.2
14 14
17.6 17.6

0.5
0.5
0.5
0.5

91 44 116 .02
91 56 116 .03
91 70 116 .04
91 88 116 .04

06
06
06
06

[G-2039
- 16 a 640 - 32 ”0-)

[G-2913
1.3
1.6

10.4 10.4
12.8 12.8

41 416 52 21 03
41 512 52 .26 .03

[G-2169
1.38
1.75

11.04 11.04
14 14

33 552 42 28
33 700 42 35

.02
02

TG-2138
1.02 8.16 8.16
1.38 11.04 11.04

5 33 408 42 20 02
5 33 552 42 28 02

Cable 6.6 Tachometer Performances

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

reaching aid is much wider than that of the practical limitation. For example, if a

iachometer 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

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.

Aj
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 cy erm rll. mr
b

——rd
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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 any 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 is shown in Fig. 6.9.

5.5 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

2770 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

4 Levin, M.D.,Designand ControlofaClosed-Loop BrushlessTorqueActuator, MIT SM Thesis,
1000)
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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

sunce-inch rated torque with 1165 ounce-inch continuous torque, therefore, the torque

sensors should operate in this torque region.

Viake Model Rated torsional Nonlinearity Hysterisis Temp eff.
Output Stiffness % % %

(oz-in)  (in-Ib/rad) of R.O%S. of R.O. of Load/F

Transducer TRT-200 3200 20.375 0.1 0.1
Techniques

0.005

Table 6.7 Performance of TRT-200 Reaction Torque Sensor
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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

corque 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

‘he 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.

5.10.
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Chapter 7

Actuator and Arm Design
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/ Actuator and Arm Design

7.1 Installation Requirements ior 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-A0OX 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

56 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.

FIELD ASSEMBLY
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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



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 SSJTH-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

aot 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 1s 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 resolver'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

tator.

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

ransducer. 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
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Comector
A

i ReactionTorque Sensor

3. Front Bearing Inner =—
Retainer

A

 a

2. Front Bearing ==

BR

4 8

I

= 8. Resolver Rotor

*1. Middle Bearing

12. Magnetic Shield Plate—
16. Motor Stator Woodruff Key

{ 21. Rear Housing

—titinad N
NJ/1] St Rs

; 1

h A~~ (TT

-
of ¢  23. Tactometer Sta

and Brush Arrarx

#

—=24. Tachometer Rot

A — 25. Tachometer Ret

%% h — a ——4NREZHU / BL
I! -

26. Raar Cover

Len—

moor- ”

i Front Bearing Outer me
Retainer

+22. Rear Bearing

5. Front Housing
 ——50.MotorRotor Retain

13. Motor Shaft =
19. Motor Stator ee

Retainer \__ 27. Magnet Shield (Foil Tyr
- 18. Motor Stator Keyseat

14. Brushless Motor Stator —

L—— 17. Middle Housing
15. BrushlessMotor 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
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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-steel’’, two sheets of

ADMU-48, and two sheets of ADMU-808. This shield arrangement is recommended

by various specialists in the magnetic shield industry such as Vacuumschmelze&gt;? 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.

37 100% iron
58 Soft magnetic materials from Ad-vance Magnetics Inc.
59 Vacuumschmelze GmbH, Werk Hanau, Gruner Weg 37, 6450 Hanau, Germany
50 Ad-vance Magnetics Inc.. 625 Monroe St.. Rochester. IN 46975
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7.2.2 Transmission Design

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

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

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

is 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

‘he 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

lo get to the chamber except externally.
Rear Cover Plate

~ N

“
-

 i

x 5 rw leaar BR

++TachometerWires Mator Wires sr1ves:-

Resolver Stator Wires +: | -** Torque Sensor Wires

\ 9A y RN
Ny. em T——

_r
| 3 Ff

a"

LE

1

13
13

ny
|

~-

7

Resolver Stator
Wires

)

’

rE,

|

4

&gt;
 ell

‘fur —-4a

El C1E44 \ «a
La) a.FINALE HE=|

ar me

 AR
ML “3 ,HAL

Fig. 7.5 Wiring Routes of Actuator Package (scale 1: 1.25)
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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.

/.5.. 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

orque 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

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

/.4 Future timnrovement of the Actuator Package

7.4.1 Demand on Tachomeiler

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

I'G-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

dy 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.
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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.

71.4.4 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

00k 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.



7.5.1 Cross Section Profiles of Arm Members

Che 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.

J
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D
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Outside width/height of square structure
Thickness, square structure
Outside diameter, circular tube
Thickness. circular tube

fg

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 (Mgq for square tube and Mc, for circular tube) and

outside dimension (b = D). where

M..=b’(b-20)° = M_,==~ 2 (b-2d))

therefore. d can be determined from

i = 0.5(b-v/b216(b-t1/7c.

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

For the square tube,

[= L{b* 20 Y
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and for the circular tube:

I; = w/64b* - (b-2d)")

I'he 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
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anit length, acceptable outside dimension, and same type of material. Figure 7.8

illustrates the computed ratio of Isq and Icir 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,



the design should be based on "the most critical posture” which corresponds to

:he 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.

9 Lift
(1b

weak man a

- i GBPress
™ (1bf)

7

weak woman

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



c

According to Humanscale70!, 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

oe 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 1bf. at the end-point.

50 |bf

Main
shaft

Link 2 Joint
2.3

Link 3
Joint
24

Link 1 7Z7~ Link4

Joint
0 4

Minimum angle between
link1 and 2 is 30 degrees

Fig 7.10 SCARA Arm with Vertical End-Point Load

61 Differient, Tilley. Harman, Humanscale7,MITPress,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:

L1 = 16 in.

Lo = 6in.

L3 = 16 in.

La = 20 in.

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)

M34=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

R14 =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 (MQ.1)

where:

MQp,1 = 86.7X16 = 1387.2 inch-pounds

with resultant force (RQ 1):

R0.1 = 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 (M23)

Mp3=166.7X16 = 2667.2 inch-pounds

with resultant force (R?&gt; 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):

Mo,2 =166.7X21.4 = 3567.38 lb-in

(MQ,2) occurs when link 1 and 2 are at 30° apart. MQ2is perpendicular to the line

between the main shaft of joint 3,4 at this posture.

T'he resultant force on link 2 (R()2)is:

R02 = 166.7 pounds upward

[he main shaft counters the bending moment (MQ) which is:

Mg = 50X35.8 = 1790 inch-pounds

with the resultant force (RO):

Ro = 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

lb/cu.in ksi ksi ksi ksi ksi ksi ksi E, ksi

0.098 42 35 35 27 20 {88 5&amp;8 10.100 Heavy-duty
Structure
Good corrosion
resistance

Table 7.1 Minimum Expected Mechanical Properties of 6061-T6 Aluminium Alloy
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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 Cc Load stress Yield stress Safety factor
13 in kul ksi

J75
049
058
065
083
095
120

0734
0999
1162
1283
1580
1865
2119

i

of
~

Wo .

35,763
26,276
22,590
20,460
16,614
14,075
12.388

35,000
35,000 1.332
35,000 1.549
35,000 1.711
35,000 2.107
35,000 2.487
35.000 2.825

4

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

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

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

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.
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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

pe described in the further sections
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7.6.1 Shoulder Joint and Joint 2-3

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

10. 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

‘he 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
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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 cut 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.

he
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Fig. 7.13 Front View of Link 2 (scale 1:1)
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1.6.3 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 Beating 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)
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7.6.4 End-Point Joint

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)

[ i H
|

r 1

ro.
LN

CK$a
-

)

a,|.
Fig. 7.16 End-Point Joint at Overloaded Condition (scale 1:2)



6

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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End-Effector Design
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8 End-Effector Design

8.1 Ree nirements on End-Eifector

‘he 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

Chere 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



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.

-
r.

Q
a

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

aser's forearm to permit pronation/supination.

3.3 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.
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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.

u

—|—- —

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
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insignificant improvement on the position accuracy. On the other hand, it may hurt the

aser 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.

I
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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.



3.5 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

s still allowed. In terms of designing an active driving wrist unit, there are two

approaches :

I. 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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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. 11

and 72 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 svstem 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
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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

ap 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

| 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

Jpward.

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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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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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

N ra
&gt;

A

» JAP INTHAONE

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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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 Ib.

Figures 9.3 and 9.4 illustrate the front and side views of the end-effector. All details of

zach 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

reaching 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.



200

Appendix A.1: Arm Subassembly

Drawing No.
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A13E
Al4
ATS
A16
Al17

Name

Shoulder Joint Assembly
Arm Assembly, Front View
Arm Assembly, Top View
Link 1
Link 2
Link 3
Link 4
Joint 3-4 (Male)
Joint 1-4 (Male)
Joint 1-4, 3-4 (Female)
Joint 1-4, 3-4 Retainer
Joint 1-4, 3-4 Cap
Joint 2-3 (Female)
Joint 2-3 (Male)
Joint 2-3 Cap
End-Point Rod Holder
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{ DWG# ASB AO1

L4ONT 0-2 (FEMALE =

2. SHOULDERJONT
INVERTED INTERNAL
RETAINERRNG

). LON TORQLEBALLBEARING=
NHR SSH-54%1 FE

1. JONT 0-1 (MALE)

 gz

5

'5. SHORDER JOINTRETAINERSCREWS
SHOULDERJANT
RETAINER 7 Hie 2

id
,

1

/—9 JONT 2.3 (FEMALE)
/ CAP

F=—28. JONT 2-.
(FEMALE)

(res 10. JONT 2-1
RETAINER

11. JONT 23
mem INTERNAL RETAINER

RANG

- Noms 12. LOW TCROLEBEARING
NEBSGA-541EE

13. JOINT 2-3
(MALE)

Ne 14. JONT 2-3 (MALE)
Cnr

1. JONT 0-2 (FEMALE)

2. SHOLLDERJANT NVERTED INTERNALRETAINERRNG
3. LON TORQLEBALLBEARING

NEB SSH-541 EE

¢. JONI 0-1 (MALE)

5. SHOULDER JONT
RETANERSCREW

J. SHOUOERJANT
RETAINER

"LINK 2

8. JONT 2-3
(FEMALE)

9. JONT 2-1 (FEVALE
cAP

10. JONT 2-3
FETAINER

11 JONT 2-3
INTERNAL RETAINER
ANG

2. LON TORCLEBEARNGN-BBSSA541EF
13. JONT 2-3

(MALE)

4 JONT 2-3 (MALE)
CAP

SEEDWGS AE

WALDES TAUARC
5008- 150

SEE OW A17

SEEOWGr AS

SEEDWGs AD2
SEEDANG AID

SEE ODWGs A12

SEEDWNGE AIS

WALES TRUARC
5008-118

SEEOWGS At

SEE DMs A12

- owas Manual Teaching Aid
K sas —————————— mm —
0 sew
XX 2.008 .RL sw Shoulder Joint Assembly

1724198 Masagchuneltnlrstitutaof Techno og



-DWG# ASB A02

UN

JANT 1-4 (FEMALE)

on 1-4 | cap
RETAINERA '

Gana(FEMALE) \

[oT 3-4 (MALE)
ey -—

~ sant 1-4 interna
. RETAINER RING

(ov tones , —® JANT3. 4 (FEMALE)
BEARING ni ilN-88SSA - 5I0EE HeSN (7) JONT 3.4 INTERNAL

od RETANERRING
0 © ov1cas muJONT 3. 4 (FOMLE) RETAINER BEARING

©) som sebi N88 SSR SI0EE
GAP

oO JONT3-4(FEMALE)CAP

JAONT 1-4OviSan

JOINT1-4(FEVALE)
CAP

! JONT 1.4
RETAINER

i JONT 1-4

(FEMALE)

JONT 1-4
IMALE)

5 JONT 1-4 (MALE)
PY)

LON TORQUE BALL
BEAAING
NHBS81- 530EE
JOINT1-4INTERNAL
ETAINER ANG

3 UNK4

? JANT 3.4 (MALE)

10 JONT3-4 (FEMALE)
1 JOINT3-4INTERNAL

RETAINERANG
2 LONTORQE BALL

BEARNG
NBBSSR-5I9EE

3 JONTI-4 (FOALED) FETAINR SEE DWOS AOS

I JQNT3-4 (FEMALE) CAP SEE DWOS AGH

SEEDWGs ADS

SEE DMs AOS

SEEDNVGe ADT

SEEOVGB AQ6

S56 ONGS ACD

15 END PONTRODHOLDER
16 ENDPOINT- JANT PIN
7 END PONT JONT

AD

ENDPQNT-JONIACDFET AINEA ANG{BOTH ENDS)
LINEARBEARNGWITHRETAINERS

20 COMPRESSION SPRING

21 ENDPQINT- JONT
cap

22 END PONT. JOINT
RETAINER

INDPOINT. JOINT
INTERNAL FETAINER
ING

LOW TCAQLE BALL BEAMING
NHB SSA $9EE
ENOPNT
SHAFT HOLDER

END PQNT- JONI
POENTIOMETER

17 SPLIT HUB CLAMP

SEE DWVGs A13A

SEE DNB Ald

SIE DVGs A14C

BERGRETAINER
RBNGCR-25

BAG LMB-1

SPEC STOCK OOMPRESSI(ON
SPANG

SEEDWC A13E

SLE OWas AV30

WALDES TRUARG
5008-118

WALDES TRUARC
5008-118

SEE DANCE AD4

SEEDWC AOS

SEE DWVGr AQ7

WALDES TRUARC
5008-118 SF DWC A1aB

NEWENGLAND
INSTRUMENT
78ESCS502

BINGS CG1-27-A

END PONT JONT
POLENTIOMETER

ENDPONT JONTcap

3 @surname
PMC) eoran sam

RETAIN

80PONTSHAFT HOLDER

—@® END.POINT. JONTINTERNAL FETAINER
ANG

G2) Low TOREBALLBEARINGN88SSA- SINE

END-PONT-JANT
RCD RETAIN HR KING \
{BOTHENLE) -

© voramsam —f
HD

LINEAH BEARING =
WA TH RETAINERS

A
Ee

| Z.

Dugan,

(eorantsant piney
GD) coeression sPRNG=—— =

=f
2 | ; J

4 1

Wf
Et

(HH

TIT TT

 er ances
 UC ses

Xxx [¥]
XXX 8.008
‘ess apacilioe

Scale 1 1

 =

Manual Teaching Aid

Arm Assembly, Front view
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DWG¢ ASB AO03

=5 JONI 2 J (FEMALE

LING2 greavamam€.JONT2-3 (MALE
4. END-PONT

SHAFT HOLDER

ENDPONT
ADH ER

rd
Xr

,
vz

«
,

y4

\
N
}

7

3. JONTD-1 =

 bl. LINK1
9. JONT 3-4 (FEMALE

1. JONT 3-4 (MALE)

A. JONT 1-4 {MALEY= KE. x

10. JONT 1.4 (FEMALE
SAMEASJOINT3-4(FEMALE)

5

Ta

- 0 SNCAs

[sm
XX see
VX 8.89
ess Weaiies

Scale 1: t

—..00

Manual Teaching Aid
—— -

Arm Assembly, Top View

ASB A03 ra
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DWG# AO1

SECTION A A

 —_— 13 —

— 13998/1400)————

 80 —

IMI

1212412128 — —

ve ® 376 CUTTER

b= 3743781868/1470

 SR r———

RY.

208 v
f .Ea - rrey—— = =

» i - pr.

8137 018 741 378 | 1124/1128
- m——— 1100 —

——e1)$00—
eenFEIITAY[AR

=
—— t swuom

1 4987 081 1

047 108

12000712018

bere4
br an

4X00 DAL PAL

— en Ne LG TAR 82: CHUNK TOB 270
/ [Joo pf]4X® 008 CALTHA

440 WG TAP 4x cen ALL T ! 840 USE8373 CUTTER
4-40 UNC TAR 1880ny

1040

1080 ! a 5
ET Tr—— CTEMF—. ri

A - ERR a eam aa man me marma em emwtsm meme m= * i; m——emmmee

Ne —
hi a EE.A [}
= — prermrai, ts ————————— - -

a 801 aos | | . vee

OW 1 001 174 400] 38s | 13% 1318 08s | 400 17s
824 1 1080 2s4X3 108 ORLL Tre Mo

112 UNC TAD 4x36) LL Tra
82: CSINK TOS 2178

- rrEA.

1 GUT FROM STANDARD SQUARE 8061. T6 ALUMNIUMALLOYSTRUCTURE
190 X160 WTH 120/ 126 WALL THCXNESS

EEE E——

EN Mmm Ee

ACCESORIES LIST
1. SOCKET HEADCAP SCREW 6- 32 UNC 3/ 8° UNDER HEAD LENGTH 4 AEQ
2. AMP AMPLIMTEDSUBMNATURECABLEQAMP25-PINTYE747913.2HECLPTCULE2REQ
3. AMP AMPLIM TE D- SUBM N ATUHECABLE CLAMP 25- PIN TYPE 747912.2PLUG 2 RQJ—— — a  ————————————A ————————————

Wan oer ABOVE NOTE
S——  S———.

insh Bach Anodize
——

uanity Wna, 1 Scale 1: 1

__ SW

Manual Teaching Aid
— a——

Link 1
Ora1 2

124/81 Massachusetts1ndtuleofTechnoog

rol



DWG# AQ02

8

468/1 470

4125 —————
749/375) — .

3437 —————————|
2999/3001 ————— «=

-t—— 1874/1876~—2
1- 175 ———=

~ 1124/1125
Ea

USE © 375 CUTTER
Test-
batt— 3747 376

P=

hs:

}
0157 016 374.

“12471 .12¢

iti  XY 999s 1001
Vv 499/ 051

1047 ~¢

| 2900/7 12916

 1X2 .106 DRILL THRU 6- 32 UNC ans SECTION A- A

4X©.106 DAILL THRU6-32 UNC TAP
/ (2 HOLESONEACHSIDES)

i
1+

{XD 161 DRILL T
82° CSINK TOR 279

=

[USE©375CUTTER

———e—

3989/1 001

Kora megbpp se os- ih - ! So A

499/ 501

ee —

104/ 105 i
12900/12916

4X@.161 DRILL THRU—™
R2°* CSINK TOD 279

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

ACCESCRIES LIST
1. SOCKET HEAD CAP SCREW 6-32 UNC 3/8" UNDER HEAD LENGTH 4 REQ
2. SOCKET HEAD CAP SCREW 6-32 INC 1/2 IINDFRHFAD LENGTH 4 REQ

RR—
Material

See above note

Finish lack Anodize

Quantity
Rana

Talaranceas
£ t01§
xX +.010
XXX +008
Undess specitied

Scale 11%

Manual Teaching Aid

link 2

| Drw. b App. byA02 Jain Crarnnaron Dr. Andre Sharon
t124Q) Massachusetts instititaof Technol ogy

—



DWG# AO03

— 14.499/1450——
— 14124/14126—m8—

———— 13374/13376 —

— 12750 ——m—

104/.105

: .2000/12916

r

1 50 {-
| Ld

104/105
I

12900/ 12916

ba &amp; i2
499/ 501

| 999/100
USE @ 375 CUTTER

(1Jootafe]

ya
 =

 — USE 375 CUTTER

4X0 .161 DRILL THRUCSINK TOD 279

"4X0 161 DRILL THRUCSINK TOR 276¢

—CE—— —{SECTION B-8
 ——

4X 161 DRILL THRUCSINK TOQ 279 =

4X2 .161 DRILL THRUCSINK TOR

all - 175

ied

a —-
pit

499/ 501
399/ 1.001

USE ® 375 Co]

:

-

USE @ .375 CUTTER"

- 1124/1126

let— 374/376

A-

104/105 |
12900/12916

 fooi]afc]

i

J

150

i
i

12900/1.2916

CUT FROM STANDARD SQUARE 6061- T6 ALUM NIUM ALLOY STRUCTURE
150X150 WITH .1207.125 WALL THICKNESS

[Meteria See above note

IRrish Black Anodize

eeQuantity
Raq.

Tolerances
X 1015
XX +010
XXX +008
tinless specified

Scale 1° 1

Manual Teaching Aid
Link 3

AO3 Orw. by App. by
Jain Char nnar on Or. Andre Sharon

1/24/91 Massachusetts Institutaaf Technol ogy
—
—
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I 1080 2 $2 wi vie “108
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IT

a
ait a

—wliiey WS-

Of WMTHE 376 QTEA_/
dts (37YATHS® 378 ON =.R
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—p——

¢ | f

rod *

 2900/1 2918
n

Nm a7 WHE ITS QTR
»

Nn .. 181 DALL THUCSINK TO8279 pa =
SECT
 ,.,

S—
AA

pi

J i | _
WIE IE GQNTER

[ — ——CUTFROM STANDARD SQUARE 8061- T8 ALUMNUMALLOYSTRUCTURE1
150X180 YWATH 207 128 WALLTHCXNESS J

ACESSCRIES UST
1. AMP AMPLIMTE DO SUBMMN ATURE CABLE CLAMP 25-PIN TWE 747813.2RECEPTACLE 1 RQ
2. AMP AMPLIMTE D-CUBMNATURE CABLE GLAMP 25-PINTWE 747812-2 PLUG 2 RQ
9 SUTKFTHEADCAPSCEW4-40UNC5/16°UNDERIEADLENGTH4REQ

 ates ial Seesbovenot-
— —
tan Back Anoo ze

Ce———T—
Quantity
Bq. 1

ol@rances
. om

™X som
CX 4.008

CgAAa

Scale 1:1

Manual Teaching Aid

Link 4
Dre» App wyAe i
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DWG# AO05

+
NN

2:2 @:.50

425
237

—-— ————

~——— 1909

-— - 1550-

ae

|

ne ars
Toy TT 4

-

2.7500/.7507

4

— 4XQ 089 DRILL313 DEEPEQL SPOND375
4-40 UNC TAP

— 4X © 136 DRILL THRUEQL SP ON@ 1.063
2219 CBORE 112 DEEP

© 8130/8134

(ZZA)
2 .8130/ 8134

: ]
N

Nn CUT TOAVOD FILLET

| NOTE

~ ACCESSORIES LIST

1. SOCKET HEAD CAP SCRPW 4-40 LINC 3/ 8" UNDER HEAD L ENGTH 4 REQ

 1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED |

Material 6061- T6 Aluminium
Alloy

Riigh Black Anodize

Quantity
Req.

Tolerances Manual Teaching Aid
X +018
XX 1.010
XXX £005
tinless speciti ad Joint 3-4 ( Male)

} Drw. by App. by
' A05 Jain Char nnar on Dr. Andre Sharon

1/24/91 Massachusetts institute of Technol ogy
Scale 1-1



DWG# AO06

r + : * A «

1iff r®
oH I

AN
WO tz

SSE ?

a Co
104/ 105 899/1.001

1 2900/1 2911

SECTION A-A

©.7500/.7507

hl
' i %
ne
itl

re -4X@ 089 DRILL313 DEEP EQ SP OND 375
4-40 UNC TAP -—— 2249/225

-- 1499/1501 =

1124/1126 jet
1510/1511

»

 —_ 2: wk
—/ 4X 25 CHAMFER 4X © 106 DRILL THRU—

6-32 UNC TAP I ‘

—— 4XR 25
|

1 2901/7 1.2911

4X 106 DRILL THRU ——d4
5-32 UNC TAP

1233/1235

[ C -

= CUT TOAVQID ALLE]

AQ

2.375 DRILL 2 454 DEEP
21.000 CBORE 1250 DEEP
@12500/ 12506 CBORE .188 DEEP

( noTE
1. R030 FOR ALL 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 LINC 5/16" OVERALL LENGTH 8 REQ

Material 6061-T6 Aluminium
Alloy

Finish Black Anodize

Quantity -

Bq.

Tol arances

X +018
XX +010
XXX 1.005
‘hecs specitied

Crale

Manual Teaching Aid

Orw. by App. by
Jain Char nnar ong Or. Andre Sharon

' Massachusetts Institute of Technol ogy
dais"1

———

A06
arma

—
—



DWGH A07

290111 2911

t
104/ 105

J

a R 750

pri ¥ 1500
_— 750/ 751 |

le

9349/1 0°

 2249/2 25

pt—— 1 499/ 1 504m

XR 250—

J

ky| iI
—_—

—— 4X 250 CHAMFER

1.1247 1.126—
3747 376—

4X2 106 DAILL THRU=—
6-32 UNC TAP

104/105

I

-2901/ 12911 7

4X@.106 DRILL THRU—
B-32 UNC TAP

@12500/ 1.2506

056/ 060

281 |

_

T° x

€

I
056/.060

— @211866/1.1871

[loo [ale]
1262/1265

I NOTE
1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST
I. FLAT HEAD SOCKET HEAD CAP SCREW 6- 32 UNC 5/ 16" UNDER HEAD LENGTH 16 REQ
2. WALDES TRUARC INVERTED RETAINER RING 5008-118 4 REQ
1 I CWFRICTICN RAI BFARING NHRAR QCRI-s1aFFE4 RFD

Material 6061- T6 Aluminium
Alloy

Finish
Black Anodize

Quantity
wa. 2

Tolerances
X +013
XX to010
XXX +005
nle&lt;e epecitiod

Scale 10

Manual Teaching Aid

Joint 1-4 3-4 (Female)

AO7 Ow. by App. by
Jain Charnnaro Dr. Andre Sharon

1/24/91 Massachusetts Institute of Technol ogy

_—



DWGH AO08

hr &amp; 935 5

@®
—— 4X9 136 DRILL THRUECQL SPON©@375

82° CSINK TO@ 225

NOTE

1. RO30 FORALL FILLETS AND CHAMPERS UNLESS SPECIFIED

Material 6061-76 Aluminium
Alloy

‘Finish Black Anodize

Quantity
ag

"olerances
X +015
XX 1010
XXX 1.008
Unless specitied

Scale 1: 1

Manual Teaching Aid

Joint 1-4 3-4 Retainer

AO8 Crw. by App. by
. Jain Char nnaron Dr. Andre Sharon

1/24/91 Massachusetts Institute of Technol ogy
aie, VEINIIRELLS ———————————



DWG# AO09

”,)

250 —m={ r=
125 —~

1

125067 1251C &gt;
26 CHAMFER —~

[note
1. .030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Material 6061-16 Aluminium
Alloy

Finish Black Anodize

Quantity
Ian

Tolerances
X +01§
XX t010
XXX £008
 hl pce enacttied

Scale | 1

Manual Teaching Aid

Joint 1-4, 3-4 Cap
. Orw. b App. byACS Dr_AndreShar on

1/24/91 Massachusetts Institute of Technol ogy



DWG# A110

R 1 00C

bn

4X 2.106 DRILL THRU=— -

'

I

3g I |

7

’

4X2 .106 DRILL THRU
5.32 UNC TAP

- 7

_ T= \
1 sh —_— =

1 re=ti\ | /a \

| 394/395 '
| 145 | 644s 645 150

12901/12911 894/895 Asoo |

it

 y— — — 2499/2501

et— 1499/1501-m

1.124/1.126 -
Po T= @15625/15631

056/060
“a¢

I

1

625

fx 250 CHAMFER 374/376

104/1.06 145

|
a

2901/1291
1.317/131¢

056/060

—©14990/14996

»&gt;— 1594/1598

wf

| nore
1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST
1. WALDES TRUARD INVERTED INTERNAL RETAINER RING 5008-150 2 REQ
2. LOW TORQUE BALL BEARING NHBB SSRI-541 EE 2 REQ
3. FLAT HEAD SOCKET HEAD CAP SCRPW 6-32 LINC 5/16" OWERALL LENGTH 8 REQ

Material 061-T6 Aluminium
Alloy

Fimsy Black Anodize

Quantity
Bq.

Tolerances
X +o1$
XX t010
XXX t00§
inless speci tian

Scale 1: 1

Manual Teaching Aid

AD Drw. by App. by
Jain Char nnaron Dr. Andre Sharon

1/24/91 ‘Massachusetts Institute of Technology

we



DWGH A11

 te i : 7
xs

w|
Ly

— R.75¢C

v 394/395

| 644s 645
12901712911 894/ B9S

224¢ °° 254+

F— 4X0 089 DRILL 313 DEPECL SP (N®© 688
4-40 UNC TAP

21216 —td=

1

Ta
I XR 250

-4X 250 CHAMFER

1 124/11 t2&lt;

374/ 376m
4X2 .106 DRILL THRU——————
6-32 UNC TAP 104/ 106

{ 148
”
1

2001/1.2¢

1499/1504
I wl 210621/ 1.0632

at

Te]

— CUT TOAVAD ALLE

4X .106 DRILL THRU
6-32 UNC TAP

—- ©.297 DRILL THRU
2 594 DRILL 2.44 DEEP
21.000 DRILL 1.20 DEEP
212500712506 CBORE .186 DEER

I NOTE

* RO30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

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

2. FLAT HEAD SOCKET HEAD CAP SCREW 4-40 UNC 1/2" OVEFRALI LENGTH 4 RFQ

IVaterial 7075-T6 Aluminium
Alloy

Frosh Black Anodize

Quantity
Req.

Tolerances
X +018
XX 1010
X00( £005
lhiecs epecifiod

Seale 1c 1

Manual Teaching Aid

Joint 2-3 (Male)
Ald Drw by App. by

Jain Charnnar ong Or. Andre Sharon

1/24/91 Massachusetts tnstitint» of Technol ogy

—



DWGH A112

a IXR 156 —

Cf

5 | @1878 | {
“NN

a

063 CHAMFER ——
215635/15640

| note
1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[vaterial 6061-T6 Aluminium
Alloy

Fan nis Black Anodize

Quantity
R=Tel

Tolarancas
X c 01%

XX 1.010
XXX +00$
 Intece epeciti ed

Scale 1:1

Manual Teaching Aid

Joint 2-3 Cap
A112 Orw. by oo App. by

Jain Charnnaron Or Andre Sharon |!
17/24/81 Massachusetts Institute of Technology |

wertal



DWGH A13A

'49/ 751
250 —»

-—— 1500 —r

| 625 TT r

+

C

/— 2X0 234 DRILL THRU © 2495/ 2500 REAM

[$oo1 ]afe]
7500/ 75006

;|
12901/12911

1

L

, 6

Hy
ral 1

}
104/ 106

p- - 125 CHAMFER

2X0 234 DAILL THRU @ 2495/ 2500 REAM:

 oor]alp]

1 YY “3

r

~T(—

1.125
375

250
250

a
———

EH
a

iX 25 CHAMFER

125 CHAMFER=

2X@.375/ 376 (EACH SIDES)

12901712911. b |
| 1 oT

T -.
167

063 CHAMEER — =

I
=- 125 FILLET

as0¢
280

= 125 FILLE

™T
 mad

Le]
20

[OTE
11. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[ver erial 6061-T6 Aluminium
Alloy }

iFinish i
‘ Black Anodize

‘Quantity
Raga

Tolerances
X 1.015
xX t 010
XXX £008
Injesc cpectit od

Scale 4

Manual Teaching Aid

End- Point Rod Hol der
Ow b App. bA13A 1 pers snron

1/24/91 Massachusetts Institute of Technol ogy



DWG# A13B

 1

1.0¢

1 1250711255

A

-t——— | 500—=n|
—— 1 325 —»

000 a —— © 484 DRILL THRU REAM©4443/ 50C

 foo [28]149»

375-4
@ 7500/ 7506

— RR 750

&gt;
“
-

a - .

X \ /

“Hiatt |
74/ 375

A

—— © 484 DRILL THRU REAM@499/ 500

Boo 5]

2 312 DRILL THRU- 212500/12506

 Ql °°30]
374 056/060

1

7

N

tL
.

0D A b

en

FRONT VIEW

TE

056/ 060

4

—

[Secriona7"

ACCESSORIES LIST
I. WALDES TRUARD INVERTED INTERNAL RETAINER RING 5008-118 2 REQ
2. BERGS LINEAR BALL BEARING LMB-14 REQ
3. BERGS (b-50- CP RETAINER RING 4 REQ
1 SPEC'S STOCK COMPRESSION SPRING STAINLESS STEA. C072-081-1500 2 RFQ

4-211866/1.187"

. @1262/1265

|
oi I voor

1. .030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 6061-T6 Aluminium
Alloy

Finish Black Anodi 7a

Quantity
Req.

Tolarances Manual Teaching Aid
X +015
XX 1010
XX +005
ihlecs cpecitiad End- Point Shaft Holder

Scale 1-1
Orw. by App. by

A13B Jain Charnnar ong Or Andre Sharon

1/24/91 | Massachusetts Institute of Technol ogy



DWG#H A13C

= 029/.032
F—————— -

6 Gn Ve 230/ 233
2 2495/ 2497
COMMERCIALLY AVAILABLE
GROUND SHAFT

123

029/ 032 1

233 06 CHAMFER |

[note
* R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

| ACCESSORIES LIST

1. BERGS RFTAINER RING (P-25 4 REQ

"Mat eri al AISI 303 Stainless
steel

Finish Black Oxide

Quantity
[vA

Tolerances
X £015
XX 1.010
XXX +005
Lihlece epeciti ad

Scale 2? 1

Manual Teaching Aid

End- Point - Joint Rod

Drw. by App. byA13C Jain Char nnar ong Or Andre Shar on
1/24/91 Massachusetts Institute of Technol ogy



DWG# A13D

312 =

156 —m=
let 2338 =

@®_ ~ 8 ©1125

Of 05 A] \ L
4 SLOTS 3/64 WIDEX143DEEP

—— 4X 136 DRILL THRUEQLSPON©@437
B2° CSINK TO@225

ENLARGE DETAILS
OF SLOT ARRANGEMENT

SCALE 2 1
a

g—
1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST
1. BERGSCG1-7-2 SPLITHIMP CLAMP 1 RFO

[Material 6061-6 Aluminium
Alloy

Finish Black Anodize

Quantity
Req.

Tolerances
X 1.013
XX t010
XXX £008
ihiece eneciti ed

Scale 1° 1

Manual Teaching Aid

Joint 3-4 Retainer

Dw. b App. by7150 [BY Rhwu | as sce
1/24/91 | Massachusetts institute of Technol ogy



DWG# A13E

3X2 070 DRILL 179 DEEPEALSPON@1090
/ 2-56 UNC TAP

GO
16 CHAMFER ~—

250 |=
125

ya

cewbu/ 12510
' r=

@1.125 -

2.750

©feo3]Al

— NOTE

THIS SIDE IS OPEN

a
4XAR .125

| noTE
 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIQT

 BERGS SQ 3 SYNCHRO CLAMP CLEAT 3 REQ

Material 6061-T6 Aluminium
Alloy

Finish Black Anodize

Quantity
Req.

‘anlar: ‘cas

X +015
XX 1.010
XXX +005
Unless specitied

Scale |

Manual Teaching Aid

Fnd- point join cap

| Drw by | App. byA13E Jain Charnnaron Dr Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy
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DWGH A114

a
a-{ £00 let— 1375— ~»{ 500

| ! ¥ i

14.20 . 7 STRG, ATRE _ 1/4"-20 UNC

pr
| NOTE

1 RO30 FORALL ALLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST
1. SMALL PARTS THREE-ARMKNCB(TAKSERIESYCTAK-32REQ

Material 6061-T6 Aluminium
Alioy

Finish Black Anodize

Quantity
Ian

Tolerances
X +015
XX 1.010
XXX £003
 hess speci liad

Scale 1: 1

Manual Teaching Aid

End- point joint pin
Ata fra by App. byJain Char nnar ong Or. Andre Sharon

1/24/91 Massachusetts Institute of Technol ogy



DWG# A15

I
', *

La) “3

&amp;
= 4X 136 DRILL THRUEQLSPON©688

R2° CSINK TOD 225

| NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

[Material 6061-76 Aluminium
Alloy

Finish Black Anadize

Quantity
Bq.

Tolerances
X +015
XX +010
XXX +008
less specitied

Serale |

Manual Teaching Aid

Joint 2-3 Retainer

AlS Orw. by App. by
Jai n Char nnar on Or. Andre Sharon

1/24/91 Massachusetts Institute of Technology



—

DWGH A16

3624/3626

[foor]efc]

4— 750
2374/2376 499/501

.
374/376

735/736 jou T - 735/736

E JN
 oN

o

' 256:
2.750

2 266

R “a
“

R1750 ——

|
-Ye 5 IR

ny,

R° RASIC

5X 213 DRILL THRUEQL SP ON 2 999/3.004+—
2 344 CBORE .190 DEEP a

————-2000
-—|625—

1124/1 12:

624/ 62¢€ ar

[Jeo [ac]

\ “7
4X2 161 DRILL 281 CBORE .138 DEEP

4X2 161 DRILL THRU
5 »

[
020 ™

| ‘
056/060

wd ~ fo
i /—020 CHAMFER

 = -— » # 056/060

-— 1.719 —ath aiens 444m
w— 306/ 308

01504/1508 ©14990/1499¢

LFlooa] [ZFlo01a]
’ i

1H @1.6250/ 16256

SECTION A-A

NOTE
| 1. .030 FORALL CHAMFERS AND FILLETS UNLESS SPECIFiE

[r—————
ACCESSORIES LIST
1. LOW TORQUE BALL BEARING NHBB SSHI- 541EE 2 REQ
&gt; WALDES TRUARC INVERTED INTERNAL RFTAINFR RING 5008-150 2 REQ

Material 6061-T6 Aluminium
Alloy

Finish
Black Anodize

Quantity
Jaq

Tolerances
X tO1s

XX +010
XXX £005
tnlece enacttiod

Scale 1: 1

Manual Teaching Aid

Joint 0-2

A16 Orw. by App. by
Jain Charnnaro Dr. Andre Shar on

1/24/91 Massachusetts Institute of Technol ogy



DWG# A117

3624/3626

[elo tofc]

2374/2376 499/ 501

1.

Y

1

374/376

875
735/736

(2
5

| .

2750

|
€~ 74 7 7

-

1 4
15 4

25 v8

—3 +

Z
 pid an
A &gt;

KS &amp; =
/Ss=="

..-
—

D 266

R1250—

1
!

\lg- rey)

R1750-
 i

10° RASIC

wifi

5X2 213 DRILL THRUEQL SP ON 2.999/ 3.004+—
2.344 CBCORE 190 DEEP a

4X2 161 DRILL THRU

21250 2297 —

J

210621/ 1.0632
 loo ]afpic]

rimooie3656

-——————3280/3282—

— 2.969 — -—
-

-—

-—
-—

-—

—

Rs
*

-t 1608/1610 —m’
2 594

 7°
i

Tn

Shag yo

be CUT TOAVODFILLET

"4X2 089 DRILL 313 DEEP EAL SP ON © 688
4-40 UNC TAP

J 4X® 161 DRILL 281 CBORE .138 DEEP

_ |

— 2150

— 320

oo © 16250/ 16256 lootfpic]|A]

[SECTION A-A
eT —

Not e
1. 0.030 FORALL FILLETS AND CHAMFERS LINLESS SPECIFIED

ACCESORIES LIST
1. FLAT HEAD SOCKET HEAD CAP SCREW 4- 40 LINC 1/2" OVERALL LBNGTH 4 RFQ

‘Material 6061-76 Aluminium
Alloy

Finish
Black Anodize

Quantity
eq.

Tolerances
X +015
XX too
XX +00s

 inl pee enecitiad

Scale

Manual Teaching Aid

Joint 0-1

Orw. by App. by
AV7 Jain Charnnaron Or. Andre Shar on

1/24/91 Massachusetts Institute of Technol ogy
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Appendix A.2 : Foundation Subassembly

Drawing No.

ASB B01
BO1A
BO1B
B0O1C
B02
BO3
BO4A
BOS

Name

Mounting and Assembly
Upper Mounting Plate
Lower Column Holder
Lower Motor Holder
Mounting Strap
Mounting Column
Mounting Base
Mounting Column Index Pin

Page No.

226
227
228
229
230
231
232
233
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DWG# ASBBO1

!. Upper Mounting Aste =

MOUNTING OOLUMN aN \
)|
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1

— v
© ‘wer Webring Mor

ower Munting Se Holger

 ——S——.......

7. Mouting Gese
a

1 i |

Tolerances
2 i
 KX ce
XX sam
 any peg eB

Scale {1

TREE.

Manual Teaching Aid

Mouting and Mot or Assembiy

Ass 01 EER Cay. 3 4) vi Messmhusetts iratiivie of Tesivwiogy



DWG# BO1A

2X® 149 DAL 1 009 DEEP“
10-24 TAP

—- 2780 mma
- 2378 ——

A§$00——
1 a po

40

- — 1b00

— Tr———t

iy, er, _—rar
S————— ——T00e

anit —_— a —~
—— - —_—

——400W40PT——
—a— —

 —_—100
— 1006

. 20
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R &gt; = 3
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'

DRo708/2 0710
Fa

D178 DRILL 290 OBER -
EAM81870/1873

xT
Ly|

LL:
y_

proms
Co. SE

JL

 _,

s 437 BNCTFACE
D 281 DRILL 124 OEEP (REF 10®437 RAT BFFACH —.
b 20% DRILL THAU
14°. 00 LINC AR

IN

”n

&amp; -

— 1X0 50 DAL THR

20

A788

A100

2X81 00 ORL THRU

ITY]

 —— 1x81 80 08L

r
~

= 1X8 $0 OAL

rs

r

INS 140 CALL THU
D344 CBOFE 260 OEP (AS BON —_—
NY CACORE S88 OEP

[ Note
1. ROS FOR ALL ALLETS AND CHAMFERS UNLESSSPEQ RED

oC cn

-

ACCESSCHIES LIST
1. SOCKETHEADCAPSCREW10-24UNC1°UNDERHEADLENGTH2REQ
2. SOCKETHEADCAPSCREW10-24UNC3/4°UNDERHEADLENGTH3REQ

PEnE——— —— -

Material 6061-T6 Auminium
Alloy

———te———
nTish Bisck Anodize

EH ———“—lantity
aq. 1

Tolerances
X sas
XX sm
XX 2.0
aesspenitied

Scale tt:

— ———

Manual Teaching Aid
———"

Upper Mounting Piate
Orw Aj

1/24/91 Mansachusetts tnsiitut 8 of Technooa EEEEe— teehee© ta



DWG# BO1B
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Lv
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i
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i
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nl]
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1
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J
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.-— nie
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i

= wg

a

¥ | J t c-

J | Nerv
1180 PEF 818) DAW 125 DEP

- TTS 1747-20 UNC TAP

£LE be ~——829700/28710
3] 8P [¢{°° PF]¥ »

1of 2 mrs 3X8 148 DAL THA
—-— 1128 © 344 CBOE 230 OEEP (AS SHOAN

5 213 CBCRFE Bid DFFP

St —

1. .063 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES UIST
1. SCOKETHEADCAPSCREW10-24UNC3/4°UNDERHEADLENGTH3REQ
2. BERGS PZ-37 SHOULDER SCREW 4 FEQ
 I— ar

aTaterial 6061-76 Aluminium
ANloyIr————————.

Fang ack Anodize

———i ——
Lantity
a 1

 of ances
x sm
XL sem
XXX 8.009
Inions species

Scale 1:1

———_SaE__.BIENEE NS
Manual Teaching Aid

Lower Column Holder

s018 -_y
RIFLE Massachusetts Ins iiuteofTechnology
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DWGt BO1C

7 =

IX® 149 DALL 1 000 DEEP  emmsmmny
18-24 UNC TAP

5172 ORLL 206 DEP
REAM 8 1870/7 107%

 1 28F

Pa

et 3mma140811$00
2190 —

SECTION A-A

——AX S358 DALL TH
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 rtt——
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— 3

- ———— a7
-— — 4000/4001:
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1e08s
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 10 Fl
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— Taf

‘0
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~— 4098/5 0D) ————————

~ AI0825/ 30837

BFF]

~N— 2X@28 DALL NAL

PF.PY

poie,«1

“\— 2X8 80 DRILL THRU

“Hn

As

Rise

2X91 60 DALL THA

— IX® 30 DALL THRU

- 2X8 28 OALL THRU

a

I NOE

1. .06 FORALL FILLETS ANDCHAMFERSUNLESSSPECIFIED

ACCESSCRIES LIST
1. SOCKETHEADCAPSCREW10-24UNC1°UNDERHEADLENGTH2REQ

—— FE—|

—  —

Material 6061-T6 Aluminium
Alt—

Snish
Back Anodize

—————————————r

Quantity
wa 1

101 8 NCE
X om
XX 5.000
XXX 8.008
 nN Boanil}ol

Scale {1:1

iii tremOC.Smfi’

Manual Teaching Aid

Lower Mot or Hol der

801 aE
| 1/24/91 Massechusetis Insiilute of Techno og



DWG# B02

je 7509
 pe

. A 25
00 250 N

082/ 083

-- t— 249/ 251

A 3.0625/3.0637

/ ele AP]
~ R3500

1

1

"
1%

N
1

2X© 213 DRILL THRU

A250 © 344 CBORE 250 DEEP
r

[Za
375—w=

"ry
1

|
iT

— 3999/4 000———— -

————— 7749/7 75+

8|

| NOTE
1. 063 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 6061-76 Aluminium
Alloy

finish Black Anodize

QuantityQan 2

Tolerances
X +018
XX 1010
XXX +005
Unless specified

" Scale 1: 1

Manual Teaching Aid

Mounting Strap
Dw. b App. b

_ oo? HE 2 ans arn
1/24/91 Massachusetts Institute of Technology



DWG# B03

o BF

“17 944

— 1 VG]—

LIER =
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i
 01s —— 2000 ———

er
t

78s sear

 ET —

t
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421870.,28711

Oe.1

CY
R75: BAD —

j
i

NOTE
1. QUT FROM STANDARD 6061: T6 ALUMNUMALLOYTUBESTRUCTURE

WITH 23.00 OD AND 0.25 WALL THICKNESS

2. 063 FOR ALL RLLETSANDCHAMFERSUNLESSSPEQRAED

[ accesscnes ust
1. BARGSSC-10-21BRASSTIPSCREW2REQ

hor al 0061-TH Alumirsum Alley
@ 08 QD 28 wall 1oines

—— A———
nian Back Anod ze
—

entity 1

Ler ances
X om
XX 2.00
XXX 8.008
eas ahem a

 Scale 1:1

Manual Teaching Aid
” — ——

Mount ing Column

 ED) i
. 1/24/81 Massachusetts instiiuloolTechnetog



~1009 DWG# BO4A
- 7100—

—_—500—
--=—400

——a—e300——
- 200

A Ly A

| SEE DMB BO 4C FORMLLING CUTTERPOBI TIONING DATA

\
|

0X8 58 DRALL THA

E
_ SECTION A-A

TALE SIZE OFTHERIBS

J@Y =

AS 312 0ALL HAY
30-18 UNC TAP \

OT
——

ACCESSCRITES UST
1. SOCKETHEAD CAP SCREW 1/2°-20 UNF 2° UNDERHEADLENGTH8REQ
2. BERGSSC- 10-21 BRASSTIPSCFEW2RED
— ————

— 240) — — 40) —— &gt;

&amp;

p— ——
Material 6061-T6 Alur.

Alloy
—— S—————

TEN ar ack Anodize
—————————_

antity
aa. 1

iE

Manual Teaching Aid

Mounting Base
ww 7

1/24/91 Massachusetts institute of Techn ogy a



DWG# BOS

Standard heat treat ed all oy steel
Socket head cap screw
1/4°-20 UNC 0.75" under head length

—br—

Qt and modifty to

i y
QQ .187/.185

INbta

1. 03 for all fillets and chamfers unless specified

[Material
Cut from standard heat
treated alloy steel socket
head cap screw

Quantity
00

Toler ~nces
X £015
XX +010
J00¢ +005
tntess specified

Scale 1: 1

Manual Teaching Aid

Mounting Column Index Pin
805 Orw. by App. byJai n Char nnar ong Or. Andre Sharon

1/24/91 Massachusetts Institute of Technology
d



0 34

Appendix A.3 : End-Effector Subassembly

Drawing No.

ASB EO1
=01
02
E03
E04
£05
E06
EO8
EO09A
EO9B
E10
Ell
E12
E14
E15A
E15B
E16

Name

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

Page No.

236
237
238
139
240

&amp;

a

«

-

246
247
248
248
240



DWG# ASB EO1

 py , I. End-poim pivot shalt

}. Main Structure

5 Pre/Supination Motor Crank - tn 18. Glitton Precision
v / OaPH 1410-817

7. Pro/Supinetion Jeint Shalt or Mrstra Hh Torque: Mia

&gt; g—8. Pro/ Supingtion Oank Follower —

’ 4. Otieremia Gear Supporter 3

. = 13. Aexiord Abductisn 8Rod “me.

6. Pro/SipinmtionJoim
- .

J. Pre/Bupination Joint

15. Renan Abducti.
ConnectingPx

‘nh dg

 Sf
=»

T. Pro/ Sup! Pro/Spinmion Joint =

i. Pro/ Suginatien Connecting Roc
Lore!

0. Pro/ Sup nmion Connecting|
(Shart®

14. A exiory Abductl on
ConnectingShalt
J Sotint Hoider Lock11. Split Holder Lock

{
A axl ory Abduction Palm
Connector

==
NL Solim Holder

sl
17. Ofte MN x

fs

Git.

———— ="

10. Splint Holds
Gade Rod

*. End- point pivot shalt

2. Main Siructure

3. ProsSupination Motor Base

4. Olterontinl Gor Supporter

5S. Pro/Supination Motor Crank

§. Pro/ Supination Joint
7. Pro/ Supination Joint Shalt

8. Pro/Supination Crank Follower

$8. Pro/ Supinati on ConrectingRod

10. Splint Holder Quide Rod

11. Splim Holder Lock

12. Splim Holder

13. Flexion Abduction S$ Rod
t4. Flexion/Abduction

Correcting Shaft

15. Real ov Abduction
ConnectingRog

6. Rexiory Abduction Pim
Connector

17. Differential Gear

18. Qitton Precision
OPH1410-817
Mntature Hgh- Torqus- Motor

SesDWC»ED
SesONG»E02
SeeDNB E03

SeeDNOF E04

SesDVCEED7
SesDWCrE05
Ses DWC EDS
SesDMG EDS
Ses DVCB E09 A. B

SesDNGF E10
See DANCE £11

Ses DIVE E12
Ses DAVE EN4
See DANCE E18

Ses ONCE E15A

Ses DNB E15B

l
— ——— ———

iain Manual Teaching Aid
x sas a —

XX hie 1
se rete End- point Elfector Assembly

goa 111
1/24/91 Mussichuseiis lneiiivie of Techrology
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DWG# EO1

[section a-a |
-3297 ——
— 3047 ———

- 2875 ————

— 2375 —————»

250 —=»
625

500

ac" fg
fe

1 1! :

~ 2719 2.125 i
© .7500/ 7507

|
21500 =

. &lt;

| =

&amp;
2.7500/.7507

| ©feotA
2.375 DRILL 2.845 DEEP

— CUT TOAVQID ALLET

-4X2 089 DRILL 313 DEEP EQL SP ON © 437
4-40 UNC TAP

===4X2.106DRILLTHRUECL SP ON © 1.188
8.32 INCTAP

I NOTE

1. R030 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIRED

ACCESSORIES LIST
1. FLAT HEADSOCKETHEADCAPSCREW4-40UNC5/16"OVERALLLENGTH4REQ
2. SOCKET HEADCARPSCREW8-32IND1/2"tINDFRKFADIB\CCTH4RFQ

[Material 6061-T6 Aluminium
Alloy

Finish Black Anodize

Quantity
Raq.

Tolerances
X 1018
XX 1.010
XX +008
Unless specifiod

Scale 1: 1

Manual Teaching Aid

E01 Drw. by App. byJain Char nnar ong DOr. Andre Sharon
1/24/91 Massachusetts Institute of Technology

End- Point Pivot Shaft



DWG# EO2
, Aly

NOTE

.

52%
 TH —; Cs

1. 030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

th Kew| I'd

= 2X2.089 DALL 3136P
4-40 UNC TAP
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= @ 594 CBCRE 046 DEEP
50°
525—am

ACCESSORIES LIST

1. BERG'S BALL BEARING B2-11S 2 REQ
2. SOCKET HEAD CAP SCREW 6-32 UNC 3/8" UNDERHEAD LENGTH 1 REQ
3 SOCKET HEAD CAP SCRBWN 4-40 LINC 3/74" [INDERHEADILIBNGTH3RFQ

= a —

1.813

Material 6061- T6 Aluminium
Alloy

ansh Black Anodize

Quantity
oq.

Tolerances
X +015
XX tro010
XXX +005
Unless specified

Scale 1: 1

Manual Teaching Aid

Main structure

£02 Orw. by App. byJain Charnnar ong Or. Andre Sharon
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 ~ — SEF DETAIL A

 J
0&amp;0

21298/1.300 i
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1. .030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

DotailA
scala 21

Material 6061-T6 Aluminium
Alloy

Finish Black Anodize

Quantity
BQ.

Tolerances
X +013
XX tor
XXX +003
Linless spaciti ad

Scale 1: 1

Manual Teaching Aid

Pro/ supi motor base

E03 Drw. by App. by
Jain Charnnar Or. Andre Sharon
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1. 0.630 FORALL FILLETSANDCHAMFERSUNLESSSPEQREDMom

ACCESORIES UST
|. BERGS B2-6-S BALL BEARNG 2 FEQ
© BERGS E11 BALLBEARING DIFFERENTIALGEARSET 1 REQ
*. BERGS M64N J MTTER ANDBEVEL GEAR 2SET FEQ

. BERGSCG1- 27 SPUT HBCLAMB
. SCCKETHEADCAPSCREW6-32UNCJ4°UNDERHEADLENGTH2REQ
t METRC SOCKET HEADCAPSCREW AMD - 15MM UNDER HEADLENGTH 8 REQ

Materia 6061-18 AIUMI uw
, All oy
Nc—_—_—

irish Back Anodize
————————

uantity
£2a. 1

"ol or ances
x 2.9
XX so
XXX 3.408
Ness somtiiog

Scale 1:1

Manual Teaching Ald

Differential Gear Supporter

foTon1henJon Char nearon Dr Ande gn

1/24/81 Masagchuset1s instituteofTechnoiog

-
L_



DWG# E05

138 219

250 188 oo CBORE 046 DEEP

© 234 DRILL THRU
QD 2497/7 2500 REAM

Hr
1312

938 R.125
a 430

4 156

I 375
760 563 |

© 484 DRILL THRU
@ 4993/ 4998 REAM
@ 594 CBORE 046 DEEP

2X2.106 DAILL THRU —
2.161 CBORE 219 DEEP
6-32 UNC TAP

NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSORIES LIST

1. BERGS B2- 11-S BEARING 6 REQ
2. SOCKET HEAD CAP SCREW 6-32 UNC 3/8" UNDERHEAD LENGTH 6 REQ

Material §061-T6 Aluminium
Alioy

Finish Black Anodize

Quantity -
"aq.

Tolerances
X LO1S
XX t010
XXX £008

 Lin eee snecifiad

Scale 1: 1

Manual Teaching Aid

Pro/ Supination joint

E05 Drw. by App. byJain Char nnhar ong Or. Andre Sharon
1/24/91 Massachusetts InstituteofTechnologya3Sbclbf LABNIS£9 1 kn



DWG# BOG

201
990

« 802

jut 740
= 327

10-24 UNC THREAD — J.

+

~ 10-24 UNC THREAD
a

 © 249/ 250

2 249/ 250

| NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSCRIFES LIST

1. BERGS 10-24 UNC HEXAQONAL NUT ¥%-11 8 REQ

rtosMaterial 445 gainiess Stoel

Finish Black Oxide

Rea.

Toler nces
X +015
XX 1010
2000 +008
inless specified

Scale 1: 1

Manual Teaching Aid

Pro/ Supination joint shaft
£06 Orw. by App. byJain Char nnar ong Dr. Andre Sharon

1/24/91 Massachusetts InstituteofTechnologyt 00OFTechnody
™



DWG# E08

+1

[I ‘

rr —

 062 —

fs 250

— 563
tT 281

RQ 12

\— 3X2 234 DRILL THRU@2495/2500REAM

NOTE
1 03 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 6061-76 Aluminium
Alloy

Finish Black Anodize

Quantity
ABQ.

Tolerances
X +01%
XX tow
XC +005
Uniess specified

Scale 1: 1

Manual Teaching Aid

Crank Follower
Ow. b App. 0 |hemor|Baeshar

1/24/91 | Massachusetts Institute of Technol ogy



 gn

— — 5334 —

—— 3450 —— —— aq

= weyTp——— vy
 2D 249/ 250 D375 249/250

\ -» 1/4"-28 UNF THREAD

DWGE# EO9A

Cy ron _ Le
—— ae ©—

§

@ 249/ 250 QD 378

DWG# E09B

= 1/74" 28 UNF THREAD

 NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Met erial 303 Stainless Steel
Finish Black Oxide

Quantity -
aa

lolerances
X +015
XX to10
XXX 1.008
Lh ass ened tied

Manual Teaching Aid

Pro/ supi motor connecting rod

Scale 1:1
Drw. by App. byE0sA JainCharnnar ong Or . Andre Sharon

1/24/01 Massachusetts Institute of Technology

" NOTE

1. R030 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

Material 305 qainiess Steel

Finish Black Oxide

Quantity
Ka

Tolerances
X +018

xX +010 I . .
oy Pro/ supi connecting rod

Manual Teaching Aid

Scale 1: 1
Drw. b App. byE098 exe Soren1/24/91 Massachusetts Institute of Technology



DWG# E10

~O—
001 7

1.008 —=

- 883 »

pfr—
!

11 4"- 20 UNC THREAD 0.375
@ 249/ 250

—

i,

D 249/ 250

NOTE

1 RO30 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCERQACRIFER 1IST

1. BERGS 174-20 UNCHEX NUT ¥Y5-12 2 REQ

[vat erial 393 grainless Steel

Finish Black Oxide

Taty
Req. 2

Tolerances
X 1.013
XX +010
200( +005
ithhiece specified

Scale 1: 1

Manual Teaching Aid

Splint Holder Guide Rod

E10 Orw. by App. by
Jain Charnnar ong Dr. Andre Sharon

1/24/91 Massachusetts Institute of Technol ogy



DWG# E11

437 |
188 312 685

0 2481 25¢

125 CHAMFER

500 7250

Rg—

pees:

J &lt;.de

Polo 1.2501 10001187
2X@.125 DRILL THRU@391CBORE063

125 500
275 250

500 R.188

nore
1. R125 FORALL FALLETS AND CHAMFERS UNLESS SPECIFIED

| ACCESSORIES [IST

1. EDMUNDSCIENTIFICS 035.104 NFOODYMIUM IRON- BORON MAGNETS 4 RFQ

Material 6061-T6 Aluminium
Alloy

Finish Black Anodize

Quantity :
Req. 2

Tolerances
X +013
XX +010
XX +003
Lintese gsnecifiad

Scale 1: 1

Manual Teaching Aid
Splint Holder Lock

Orw. by App. byEn JainCharnnarong Dr. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

-



DWGE E12

SisA
one

po 1 00 te

= l
AN "

LJ

pb]
TH

‘Lor

i——
1 $agmm——-

 ne
[31]

20
0

J rus1 9.' L Rm A ~ { = xeon Tu

— Fe 8 30 COPE 130 DEEP

£5CTE

TT -

. .

’
 a

Nore
1. .030 FORALL ALLETS AND CHAMPERSUNLESSSPEGIHED

SS

ACCESSORIES UST

1. BERGS OL LESS BEARNGBE-542REQ
2. SMALL PARTS’THREE- ARMKNCB C- TAK- 1 2 REQ
3. EDMUND SQENTIFIC'SD35,104 8 FEQ |

 SayWN
Puierisl 6061-76 Alumni m

| AlloyAnish
Back Anodize

i
————————————

Laity
Bq. 1

«Of NCas
KX ams
 sem
XC 4008
pr pW

Scale 1°

Manual Teaching Aid
—  ————————

Splint Holder

 E12 2 aru
1/24/81 Massacnuseia Insitute of Techno a=



DWGH E14

07 —

a

ee

TP ———

|

Cte

—

500-

469/ 470 1

|

750

i!

re -

0.136 DRILL THRU 8-32 UNC- 2A TAP—
1

om

 fi

[Re/— R843oe eee or

17F

647/ 652

250 062

D563 CBORE 14 DEER—

R 843-
R1.156-

688
I 37s S12

“ Kiss

- 1489

bu DRILL THRU
2.188 CBORE 086 DEEP

I NOTE
1. R030 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACCESSCRIES LIST

1. BERGS PL-6 SHOULDER SCREW 2 REQ
2. SOCKET HEAD CAP SCREW 2-56 UNC 5/ 16" UNDER HEAD LENGTH

[Material 6061-T6 Aluminium
Alloy

fAoish Black Anodize

Quantity
Rag.

Tolerances
X +01s
XX +010
XX +005
thiess specitied

Scale 1: 1

Manual Teaching Aid

Flexion/ abduction S- Rod

E14 Orw. by App. byJain Char nhar ong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy



720m
595/ 596

125 ~375 85

188 ; ;
oo 563 438 r

2X@.172 DAILL THRU—
©.1870/ 1875 REAM r

— n
1]

 -— 1/4"-28 UNF

36C

£

1375
a

i ee |
 oo

DWGH# E15A

1000

688
250

R2so—~1

. R25, ' i 813 1.000
L 372

88 7
372 —— foom—

 8

DWG#H E15B

500
250

==
©.136 DRILL THRU
8-32 UNC TAP

2X2 .125 DRILL THAU eed
@ 291 CBORE 063 DEEP

NOTE

t RO30 FORALL FILLETS AND CHAMFERS LINLESS SPECIFIED

NOTE

1. R030 FORALL FILLETS ANDO CHAMFERS UNLESS SPECIAED

Material 303 §ainless Steel

Anish Black Oxide

Quantity }
3aq.

Flex/ Abduction connecting roc
Dw. b App. b!

Scale 1: 1 b E15A Or Andi 6 Sharon
’ 1124191 Massachusetts InstituteofTechnology

Tolerances
X ios
XX £010
X00 £008
Iinless specitiad

Manual Teaching Aid

ACCESSORIES LIST

1. EDMUND SCIENTIFIC 035,104 NECOYMUM|RON-BORCNMAGNET2REQ

Material 6061-6 Aluminium
Alloy

Finish Black Anodize

Quantity
joVel

Tolerances
X £015
xX +010
XXX £005
Lh ess specified

Manual Teaching Aid

' Flex/ Abduction Palm Connect or
Dw. b . b E158 [2h mrery | Roo

1/24/91 Massachusetts Institute of Technology
Scale 10 1



DWGH# E16

©—
625 437 =

563
3715

@ 2505/ 2520 y

oo I

| p50 &amp; 32 UNC THREAD
2.125

[vor
1.0.03 RORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

“Material AISI 410 Stainless
Stesl

Finish Black Oxide

Quantity
ABQ.

Tolerances
X +018
X( $010
XXX £005
Iiheace speci fied

Scale 2: 1

Manual Teaching Aid
i .

Flex/ abd Palm Connecting Shaft
E16 Drw.by App. byJai n Char nnar ong Dx. Andre Shar on

1/24/91 Massachusetts Institute of Technolog

Ly



2350

Appendix A.4 : Actuator Package Subassembly

Drawing No.

ASB M01
M01
M02
MO3A
MO03B
MO4A
M04B
MO5A
MOSB
MO5C
MO5D
M06
MO7A
MO7B
MO7C
MO7D
MOA
MOSB
M09
M10A
M10B
M11
M12
M13

Name

Motor Assembly
Output Shaft Flange Connector
Front Housing
Front Bearing Outer Retainer
Front Bearing Inner Retainer
Resolver Stator Retainer
Resolver Rotor Retainer
Middle Bearing Retainer
Magnet Shield Plate
Magnet Shield Retainer
Magnet Shield Separator
Motor Shaft
Middle Housing, Overview
Middle Housing, Left-Side View
Middle Housing, Right-Side View
Middle Housing, Wiring Slot
Rear Housing
Rear Housing, Ports
Rear Cover Plate
Motor Stator Retainer
Motor Rotor Retainer
Tachometer Retainer
Resolver Key
Motor Keyways

Page No.

251
252
253
254
254
255
255
256
257
258
258
259
260
261
262
263
264
265
266
267
267
268
269
270



DWGt ASB MO1

— Rasolver Stator

8. Resolver Rotor

==11. Madle Bearing
12. Magnetic Shield Plate 16. Motor Stator Woodrul! Key

« 4 | Rear Housing

XN 1). Tachometer Stator
and Bush Arrangement

'

-_

). Resolver Xetor Retainer

27. Magret Shield (Fall Type) -

10. Resolver Roter Ae”

Quip Shat “ Pr
Connectow

5. Reaction Torque &gt;  -—25.Tachometer Retsner

3. Front BewringI:
Retainer

ty I he mg Rar ravar Plats

2. Fron*

I, Front Bearing Que
Rotsnar

S. Front Hout

ees 22. Faw Bawing

Sem 20. Moter Rotor Retainer
19. Motor Simtor eed \

Ret al ner 27. Magnet Snieid (Foil Type)
mows 18. Motor Stier Keyseat

14. Brushes Motor Stmtor=
l — 17. Mdde Housing

15 Brushisss Motor Rotor

13. Ma?»

Qutput Shalt A ange
Connector

2. From Bewing

3. Front Bearing nner
fatainer

4. Front Bearing Quer
Retainer

3. Front Housing

6. Resciion Torque Sensor

J. Resoiver Stator

8. Fesolver Rotor

§. Resolver Stmior Retainer

0. Resolver Rotor Reta ner

11. Madie Besring

12. Magnetic Seid Plate
13. Motor Shaft

14. Srushiess Mator Stmtor

15. Brushiess Motor Rotor

16. Motor Stator WoodrulIKey

17. Maddie Housing

18. Motor Stator Keysest

19. Motor Stator
Rutalner

28. Motor Rotor Retainer

21. Faw Housing

22. Paw Bearing

2). Tachometer Stator
andBrush Arrangament

24. Tachometer Rotor

25. Tachometer Retainer

26. Few Cover Piate

27. Magnet Shield (Foil Type)

Ses OWS M31

Kaydon KBO30XP3
Four - point-contactbearing
Ses ONGS MIB

Ses DGB MDIA

Ses DWC MD2

Transoucer Techniques
JAT-200
Qilton Precision
861H-44-82
Cifton Precision
8SJH 44-8 2
SesDWGEMI4A
Ses OWGE M048

Kaydon KAD40 CPS

SeeDWGP MDSABCD
Ses DNGE MOS

inland Motor
REE3003- ACK
inland Motor
REE3003- ACK
See DNGE M12

See ONGE MD7ABC

SeeDWGPMO7A.BC

Ses DAVE MDA

SesOWGE M108
SeeDWGS MDBA, B

NHBBSSR- S44EE
Inland Motor
7G293-8
inland Motor
7G-2036-8

Ses DVI MIDA, 8

SeeDWGE MOD
Note the installed|ocatlore

IR

Tolerances Manual Teaching Aid
x - eei — EE EAEove
a rive . Motor Assembly
= =

Scale 1:1 Jain Charnner Or A Darga

1124/91 Massachusette insite ol Teshod agy



DWG# MO1

J 6X .149 DRILL THRU ECLSP ON ©3.00010-24 UNC TAP

23500

21.6252/1.6260

Zr]00[A]

 ilo1]a]

a =CUT TOAVQID ALLE]

Dror. y— 22.250
J. 7

© 249/ 250

I

375-=»
688 —w-

971 myos1437 —

22.2200/2.0008

-6X@.089 DRILL 313 DEEP EQL SPON®@ 1.750
yd 4-40 UNC TAP

- 4X©203DRILLTHRUEQLSPON©1.000

BASIC

Section A-A
[Nore

1. 025 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED

ACC SSORIES LIST
1. KAYDONS KBO20XP3 4- POINT- CONTACT BEARING 2 REQ

ALAT HEAD SOCKET HEAD CAP SCREW 4-40 UNC 3/8 OVERALL LENGTH 12 REQ
. SOCKET HEADCAP SCREW 10-24 UNC 1/2" UNDER HEAD LENGTH 12 REQ

I SOCKET HEAD CAP SCREW 10-24 UNC 1" UNDERHEAD LENGTH 8 REQ

[Vaterial 6061-T6 Alluminium
Alloy| ————————— 1 —_

Finish Black Anodize

Quantity ]
Req. 2

Tole-~ces
X +015
XX +010
XXX +00S
Unless speciltied

Scala 1° 1

Manual Teaching Aid

Qutput Shaft A ange Connector

MND Drw.by App. byJain Char nnar ong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technol ogy

a



 DWG M2

[se OALL THRUED 8AOND 8780© 344 CBOFE 180 OEEP
1/420 UNC TAP

72 DAIL 375 DEEP 18007 1076 REAM

a

|

ne

17h

881281/01207

respp]

Ye
- 250

-10m

— 830 |
 —

1343/1348

- 1531

| iose | osm | seve
.

PEO237 20248 @58000/88028

res!

12X68 201 DALL 72 DEEP EOL SP ONES 378
/ 14-20 UNC TAR

EX® 089 OAILL 312 DEEP1$FONS3000
/ 4-48 UNC TAP

fre1. 0028 FORALL FILLETS AND CHAMFERSUNLESSSPECIFIED

———

ACCESSORYLIST
1. MOTIONUMTTER:MINORRUBBERCQVBM501482283785REQ
2. BERGSDOWELPIND27-62FEQ
9. FLAT HEAD SOCKETHEADCAP SCREW 4-40 UNC 3/8" OVERALLLENGTH 12 REQ

—— Wm x
vaterial 6061-76 Aluminium

alloy
—CL——————
iran Binck Anodi ze
——————————————

uantityaq. 2

~~ 8 BNCOs

x a.m
XX soe
XX som
“misesaneoilios

Scale 1: 1%

aA. —

Manual Teaching Aid
——————  S— A————

Front Housing

1/23 N Massachusetts Institute of Techoaoar

I»



DWG# MO3B DWG# MO3A

60° BASIC

jgt— 125
650° BASIC ~

\

21500

| 24
}

*

Ney

4)
» )

i

- 6X©.136 DAILL THRUEQL SPON@1.75
BR2° CSINK TOD 225

[section A-A |
gueJ

(section B 8

\

\

6X©.136 DRILL THRU EQL SP ON@3.0¢"
82° CSINK TOD 225

"NOTE
1.025 FOR ALL ALLETS AND CHAMFERS UNLESS SPECIFIED

[— ww —
Matorial 303 Stainless Steel

Anish
Black Cxide

Tolerances
X tos
XX 1010
XK £008
Linlags snecitiad

Manual Teaching Aid

Front Bearing Inner Retainer

QuantityRaga 2 Scale 1: 1
Drw. by App. byM038 Jain Char nnar ong Or . Andre Sharon

1/24/91 Massachusetts Institute of Technology
 a———————

I NOTE

1 025 FOR ALL FILLETS AND CHAMFERS UNLESS SPECIA ED

{Material 303 Stainless Steel

Finish Black Oxide

Tolerances
X +018
xx +010
XXX 100%
hess spocitiad

Manual Teaching Aid

Front Bearing Quter Retainer

[2 b } | App.MO3A JainChar nnar CE SALT
1/24/91 ‘Massachusetts Institute of Technology

Quantity
Req. ? Scale 1: 1



DWG# MD4B

BCABE 918 WD E
LOCATEDAS8HOWN

—

LL

”

SCRIBE 018 WOE “c
LOCATEDAS8OWN

n

UB
Na)

— XE 138

EQ3AONGT7850
12° CINK TOS 228

=.Ty iN

NOE

1. 025 FORALL ALLETSAND CHAMFERS UNLESS SPEQIRED
 ———ERASES—.1 I

A aj

t
#

N- 7

i

ha] —-

fro view ]

Ty

-

I NXE
© 1. D25FOR ALL FILLETS ANDGHAMFERSUNLESSSPECIFIED

I SN

Telarson Manual Teaching Aid
xX sa Re ——————

Xxx 2.00
 xom«| Resolver Rotor Retainer
 idee eho —

Ses 119 [wire|Massscnveettsinstitute of Teenie om

DWGt MD4A

erial  6061-T8 Aum num
Alloy

“EE
nish

Back Anodze
—————

uantity
a. 2

1

f

\\ \» Oe
7

J

ol

—-

[te Ste. view]
— NS 138

EQ oP ON I 750
wr CamTOA

“—

CEnen AQHT- SIE VIEW
Msierial  8061-T8 Aluminium
| Alloy
Hnish

Back Anodize

FE—Lantity
“q. 2

“TREE

Manual Teaching Aid

' Resolver Stator Retainer

Ld
ar

$90 Massachusetts Institue of Techno og _



DWG# MOSA

12X2.089 DRILL THRUEQL SPON©@ 3687
4-40 UNC TAP

TET ang

J62
04.187 |

i 04812

24.005/4010

SECTION AA ] NOTE
1. .03 FORALL FILLETS AND CHAMFERS UNLESS SPECIFIED
2. THE TRADE NAME OF 99.8% RCN 1S CORO STEAL

PLEASE CONTACT MAJOR STER. SUPPLIER
3. IN CASE OF ANY PRCBLBMVS PLEASE CONTACT JAIN CHARNNARONG @617-254-6803

Material Iron (99.8%Fe)
Annealed

Finish

Quantity
wa. 2

Tolerances
X +013
XX +010
XX £008
Linass specified

Manual Teaching Aid

M ddle BearingRetai ner
Ow. b App. byMo5A EEE sda1/24/91 Massachusetts Institute of Technology

Scala1©1



DWG# MOSB

/— 6X2 136 DRILL THRUECLSPON©3.687
§0° D2 Cc

NOTE

i. MATERIAL:
ADMU 80 RUL ANNEALED B80%NICKE. 032" THCK- 2 PIECES
ADMUJ 40 PRUL ANNEALED 40% NICKB. 032° THCK- 4 PIECES

PRODUCTOF
ADVANCE MAGNETIC
625 MONRCE ST.
ROCHESTER, INDIANA 49675
{A. 219 223-3158

-

 TE———————
Material oer ApovENOTE

Finish

Quantity ADMU-80 2 PIECES
Req. ADML 40 4 PIECES

Tolerances
X +013
XX +010
2X00 $005
tihiess specitiad

Scale 1: 1

vy4B12

Manual Teaching Aid
Magnet Shield Plate

Orw.b App. byMosB Jain EL OI Or. Andre Sharon
1/24/91 | Massachusetts Institute of Technol ogy



DWG# MO5C DWG# MOSD

3X@.136 DAILL THRUEQL SPOND 168
32° CSINK TOD 225

20° BASIC

24.052

\~7

x”
Ty

r

2281.

es SEE DETAIL A

}
DETAIL A

COUNTERSINK ARRANGEMENT
SCALE 2 ‘1

6XD.136 DRILL THRUECL SPOND 3687—

 ~—
" ACCESSORIES LIST

1. LAT HEAD SOCKET HEAD CAP SCRBWN4-40UNC1/72"OVERALLLBNGTH12REQ

Matoral ADM 80 |
ANNEALED

SE—
"Finish

Quantity
eq. 0

Tolerances
Xx t01%
XX +010
00( +005
Un ess specitied

Manual Teaching Aid

Maanet Shield Retainer
Drw. by App. by

Scale 1: 1 Mosc Jain Char nnarong Dr. Andre Sharon
’ 1/24/91 Massachusetts institute of Technology

IMat erial ADM 80
ANNEALED

‘Finish

Quantity %
Ba.

lolarances
X 1.015
XX +010
X00 £003
Linlats spaciti ed

Scale 1: 1

! Magnet Shield Separator

Manual Teaching Aid

Orw. by App. byMSD Jain Charnnarong Or. Andre Sharon
1/24/91 Massachusetts Institute of Technology
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DWG# Mob

“8

LA

Ne
 nN

\ +H

r

-

v
Ve

LEFT- SOE VIEW

—SX®000DRILL988DEEPEQSPONB11372
. 448 UNC TAP

 7” f
ore37 ' 9

 Tr i
92 4085/28000 9) 6380/1 0408 f

AF | Een
S1012811 8132

AF)
— 8X® 108 DALL 400 DEEPEQL SP ON D2 280

4.32 LINC TAP

3a

= TOAVQD/

at
= iaee-

“027 —~

- 100871808

-— 1702 -
Cw—1077

s70

—-f 3207 320
CUTTOAVOD ALLET

Cy —

Lea

"8
784

1021 703

ox| w
AA).

1 84128

a
Ii]

] I" vi E
a — HU
SEELOCATIONON
A GHT- 8106 VIEW IIB30000/40013 hd 280 81008320008

=] [ZA] }] (ZATe002]

/ 0X0 134 DALL THUEQ $F ONSI09702 CANK TOS 228

SCARBE 018 MDE
LOCATEDAB
“om

we
”NN,

mane DALL 74 DEEP EQ. SP ONS B78

/— 4X8 203 DALLTHR EL 8P ONG 200

)
1

/

IX® 009 DAL 327 DEEPEQ SP ON G2 THO
C48 UNG TAP

RIGHT. SIDE- IEW

DETAIL A

BCALE 24

sen;

Z
1814 188

dh

— fl 1606/ 258

ACCFSSrRF 1 IST

}. SOCKETHEADCAPSCREW4-40UNC3/8°UNDERHEADLENGTH12ARQ
'. FLAT HEAD SOCKET HEAD CAP SCREW 6-32 UNC 1/2° OVERALL LENGTH 12 REQ

RATHEADSOCKETHEADCAPSCREW 4- 40 UNCJ/8°OVERALLLENGTH12REQ
SOCKETHEADCAPSCREW 10- 24 UNC 3/4° UNDER HEAD LENGTH 8 FEQ
BERG'S K- 8 WOUDORUFFKEY2AEQ

.. KAYOONRAD AL BALL BEARING KAD40CP4 2 FEQ
NHBBSSHI-S44EEBALLBEARNG 2 RHQ

EE———

” —Awmams.sm
NXE| 1. 025 FORALL ROUNDS, FILLETS,ANDCHAMFEFSUNLESS SPEGFIED

ois §061-T6 Alumin-m
All

UN Back Aodize

A———————
Quantity
Qa. 2

. = —

Tolerances Manual Teaching Aid
x eas J———
XX som

fronivandi Motor Shaft
 | TE

Messachuselts institute of Techno og



DWGH MO7A

B- ---&amp;

y

N
L

,
\
a
\
».

1

|
1

Fi
y

-—

=

-

=
SEESECTION A-CONOWGS MO7D

LEFT-S DE-VIEW

AGH SIDE- VIEW

SEFOWSMD7CFOR RIGHT - SIDE: VIEW DET AIL

I SEEDWGs M078 FCRLEFT-SIDE:VIEWDETAIL]

——i—A——
Material §061-T6 Aluminium

Alloy
=p

B ack Anodize
 I——————
Quantity
6g 2

olor ances Manual Teaching Aid
x sas EeA .
xx 00
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Appendix B.1 : RBE-3003-A0OX Brushless Motor



High Performance
RBE(H) 03000 MOTOR SERIES

Frameless Motor
"iy — =

MODEL "A" DIM "8° DIM "Cc" 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
RBE—03004—00
RBE-03005-_00
RBE-03008-_00 [3.750 (95.3)

}
+.000 4.920 4750 3.050~.002 DIA.c DIA. DIA.

5.000 MAX. MAX. MIN.
(127.0) TYP. we. (77.9)

0220 zn |

NOTES:
- MOTOR SUPPLIED AS TWO SEPARATE

ZOMPONENTS, MAGNET ASS'Y AND
ARMATURE &amp; SENSOR ASS'Y.
DIAMETERS "A" AND “B" TO BE
CONCENTRIC WITHIN .002
MHEN MOUNTED.
MOUNTING SURFACE BETWEEN
5.000 AND 4.920 DIAMETERS
ON BOTH SIDES.

LEADWMRE — TEFLON COATED
TYPE "E° PER MIL-w-16878/4
6° MINIMUM LENGTH
A) MOTOR: #18 AWG. (RED, WHT, BLK)
B) SENSOR: #28 AWG. (BLU, BRN, ORG,

YEL. GRN)

——
OM.

3 Eo
sole, MIN.

?

— Fa

— ll . JCo ~~— MAGNET ASS'Y \
I TH
i BE

| ce ARMATURE AND
—e .035 MTG. DIM. SENSOR ASS'Y
+ 010 |
A® 475
JIM. MAX.

(12.1)
EC" DIM——

MAY

“mdei

£.000¢
2.5005
(83.5)

Housed Motor
MODEL LENGTH

/BEH-03000~_00
EH-03001-_00
BEH—03002- _00
2BEH -03003—~ _00 [3.945 (100.2)
RBEH—03004—_00[4.420 (112.3
RBEH~-03005~_00 {5.045 (128.1

BEN-~03008-_00 3.348% 140.8

EADWRE — TEFLON COATED—
YPE TE® PER MIL-W—16878/4
3° MINIMUM LENGTH. “i
\) MOTOR: #18 AWG. (RED, WNT, BLK) 2
1) SENSOR: 420 AWG. (BLU, BRN, ORG,

YEL GAN)

20
84.8)

7

=.008
306

'1 38. 7)
2.0

A

tf

ay -

[© 32

i

iy cf ——.0003
6248—
(15.9)

BOTH ENOS

~ 13

 7 RY

NOTE: DIMENSIONS IN
PARENTHESIS
REPRESENT
MILLIMETERS

- —

~— 1/4~20UNC-28
THD. X.30 MIN. OP.
4 HOLES EQ. SPACED
ON A 4.900 DIA. B.C.

(124.5)
tel,

2.028] ! +.02¢
000 ho———0 LENGTH —oy 1.500
23.4) MAY (381)

,NLAND MOTOR
 ee TWX 710-875-3740 ( Hf

501 First Streat, Radford. Virainia 2414 TEL 703-639-9045



INLAND MOTOR (if(OLLMORGEN CORPORATION L&lt;Z
High Performancg

RBE( H) 03000 MOTOR SERIES
SIZE CONSTANTS

 ~~"MODELNO.| RbE- | RbE- RBE- RBE- RBE- RBE- RBE- |PARAMETERS Hopes. Ko as 03000 03001 03002 | ri0o3 / | gions 03005 03006
Peak Rated Torque, 25% oz-in 837 1607 2390 Js / 3752 4597 © 5425‘ lnm | 59 113 16.9 \2tg/ 265 324 383
Power at Peak Rated Torque wats wT \ef 1 ew B54 a

Max. Continuous Stall Torque, T, 0z-in 372 650 910 4 | 1316 1620 ©1890we. Nm 2.63 | 459 6.42 86 9.29 11.4 133
Watts 468 596 709 786 | 865 992 1071

oz-inNW 478 80.0 106.9 124.8 142.7 167.9 190.1
NmAW 0.34 0s ' 075 0.88 100 18 134
°C/W) 12 11 1.0 | 0.91 ors | oo gn

32-in/RPM | 5.4x10% 9.9x10° | 14.4x102 | 18.7x10° | 26:0° | 276x100 3340100NM/RPM 3.8x10% 7.0x10° 1.0x10+ 1.3x10+ 16x10 1.9x10* 2.4x10%
0z-in | 8.4 154 | 220 | 28.0 | 336 | 08 492Nm 0.059 0.11 0.16 0.20 0.24 0.29 0.35
32-in 11.0 200 28.0 36.0 | 440 53.0 60.0
Am 0.08 0.14 0.20 0.26 0.31 0.38 0.43

» | 0z-in-sec? 3.21102 5.7x102 8.3x102 10.7x107 | 12.9x102 1586102 181x102Frameless | nertia, J, Kg-m: 2300 | $0a0¢ | 5910¢ exo | 9ma0t | ori2a0 p20
| pi, ratios, en——eee eR

Motor Weiaht | 0z | 381 | 64.0 | 23 | 1180 | 1420 | 1730 199.0el gm | 1080 1814 2617 | 3345 | 4026 | 4904 5642

on-set | 6.4x107 | 112x107 16.5x102 21.2x102 25.6107 31.3107 358x102
Kg-m? I 45x10 7 9x10 11.6x10+ 15.0x10+ 18.1x10" 2.1x10¢ 25.310

oz | 75 113 155 192 225 272 00
mn 2126 3189 4376 5431 6366 7698 8741

9 1 .No. ofPoles _ 2 ? 12 12 12 12

100 VOLT 'A' WINDING CONSTANTS Alternate Windings Available

oz-in | a ERE 3106 | 3752 457 5425Nm sn 113 16.9 219 26.5 324 38.3
Amps 6.5 83 "103 L119 134 | 159 17.4

0z-in/Amp 128 193 233 261 279 290 311
Nm/Amp 0.904 137" 164 184 197 2.05 2.20

V/Rad/sec © 0.904 137 | 1.64 1.84 197 2.05 2.20
V/KRPM 94.6 ose Dn P1903 L206 | 214 230
tereer ee — — eects — ———————— eee

MMs @25°C | 72 se Loar 1 a4 8 130 27
TH Po194 1 2s bo223 | 218 | 27 1 182 173 |
Watt» 208 a1 | 2M L318 4 | 44 465

~2-in L380 | 1 | 858 1049 1228 | 1514 1767Am | 247 | 43 | 6.06 7.40 R74 L107 125

wwweTw [wmws} a 80 | 545 460 410 385 380 355
“TPR assumes housed motor mounted to 12.0 x 12.0 x .50“ aluminum heat sink or equivalent.

SERFORMANCE CURVES CONTINUOUS DUTY CAPABILITY FOR 75°C RISE
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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
» Staticrary outer stator winding

rotaiirij inner permanent magnet rotor
Stainless steel shafts (housed versions)
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High Efficiency Laminations
RBE(H) MOTOR SERIES

HIGH EFFICIENCY LAMINATIONS
The accompanying speed/itorque curves re-
oresent the performance limits of the RBE(H)
2rushless motors with high efficiency lamina-
lions. The advantage of motors with high effi-
ciency laminations is improved performance
at higher operating speeds.
Since these motors are best utilized with
custom windings, standard windings are not
available. To obtain the optimum winding for
your application, please contact our applica-
ion engineers at the factory.

PERFORMANCE CURVES
CONTINUOUS DUTY CAPABILITY FOR 75°C RISE
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PERFORMANCE PARAMETERS
The physical dimensions of the motors do not
change from standard. Please refer to the out-
ine drawings on the DC brushless motor data
sheets.

The Size Constants on the data sheets remain
the same with the exception of the Viscous
Damping (F,) and Hysteresis Drag Torque (T)
coefficients which are detailed with the respec-
ive curves.

As stated above, standard windings are not
available.
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INLAND MOTOR (74/4&lt;OLLMORGEN CORPORATION (O&lt;T wy

PERFORMANCE CURVES
~ONTINUOUS DUTY CAPABILITY FOR 75°C RISE
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PERFORMANCE CURVES
~ONTINUOUS DUTY CAPABILITY FOR 75°C RISE
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High Efficiency Lamingtiggs
RBE(H) MOTOR SERIES

PERFORMANCE CURVES
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PERFORMANCE CURVES
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Appendix B.2 : SSJH-44-B-2 Multi-speed Resolver



Litton
Clifton Precision MULTISPEED PANCAKES (with Integral 1-Speed)

'd ust al

P.O Box 230, Clifton Heights, PA 19018
(215) 622-1000, FAX (215) 623-6344

-
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Notes: 1. Stator ring oFhousing. - Although everyeffort has been made to emoure the accuracyof the information contained within this brochu

2. Rotor hub or ring technical data and dimensions arc subject to change without notice. Please contact us to verify all critical para
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—-158 MAX.

—.095 TYR

#[c[001 iA]  —A—

(ETAL000DAG)
(@)8].000DIA.®)

WITNESS MARK
015 WIDE LOCATED
AS SHOWN —_

F8]005 TOTAL]

j+— 125 WIDE SLOT
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(HiB[E].010TOTAL]
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DIA.

3.120
DIA. MIN.

BOTH SIDES

ROTOR
NN

4.150
DIA. MAX.

BOTH SIDES

4.310
DIA. MAX,

REF

180°
BSC.

1625 7
ASL

\

—.03 R. MIN.
(7 PLACES)

IL-W-22759/18,
ZH. MIN.

E ALINED, THE
" ELECTRICAL ZERO.

FICATION.

s \_ SEE NOTE “3

UNIT SHOWN AT ELECTRICAL ZERO. POSITIVE DIRECTION OF ROTATION IS
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BUATZACK AOUGHNISS ws V AA
MICRO INCHES PLR ABA BAS
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Appendix B.3 : TRT-200 Reaction Torque Sensor



LOW CAPACITY (INCH LBS.) L.
GENERAL PURPOSE REACTION [—
TORQUE SENSOR
TRT SERIES
CAPACITY RANGES:
50, 100, 200, 500 INCH LBS.

The TRT &amp; 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
s also available as two axis.
torque and thrust on special
request. Whenever possible,
the best approach for precision
torque measurements Is ria
reaction torque sensing,
oliminating high maintenance
of slip rings. bearings and brushes.
and high cost.

[RT &amp; TRS SPECIFICATIONS

lated Output (RO): 2 mVIV
Nonlinearity: 0.1% of R.O.

Hysteresis: 0.1% of R.O.
Nonrepeatability: 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
femp. Effect on Output: 0.005% of Load/°F

Temp. Effect on Zero: 0.005% of R.Q./°F
Terminal Resistance: 350 OHMs nominal

Excitation Voltage: 10 VDC
Safe Overload: 150% of RO.

10-32 UNF ON 1.00
 \. B.C. BOTH ENDS

— MNICROTECH CONNECTOR
HITH 10’ 4 CONDUCTOR.

COLOR CODED, SHIELD!
— CABLE SUPPLIEDfh

0 oO
0

»230 DIA. PILOT
+ _ 002 -.000

 -—

1.620

L

 — 1. 0) —a=

MAX.
OVERHUNG MAX. MAX.

TORSIONAL MOMENT SHEAR THRUST
CAPACITY STIFFNESS WXS Ww p

MODEL INCH LBS. INCH LBS./RAD. INCH LBS. LBS. LBS.
TRT-50 0) 5.178 50 20 425

TRT-100 100 10.125 100 40 800
TRT-200 20.375 200 80 1 400

TRT-500 500 | 75.875 300 o00 5 600
 1
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LOW COST 12 VDC POWERED
AMPLIFIER / CONDITIONER MODULE
MODEL TM-1

The TM-1 Module provides low cost
Hedicated conditioning for one bridge type
oad or pressure sensor. The unit can be
slaced near the sensor for high level signal
‘ransmission. Several units can be powered
fom a common power supplu
Balance and span pots are
ow Tempco metal film for
ong-term stability and
jood resolution.

ANALOG OUTPUT
0- +8 VDC

BENCH TOP V.O.M
MILLIVOLT METER
X-Y PLOTTER
CHART RECORDER
A/D - COMPUTER

12 VDC POWER IN

BALANCE POT

LOAD CELL/
FORCE SENSOR

PRESSURE
TRANSDUCER

SPAN POT

SPECIFICATIONS
AMPLIFIER SECTION

Type: Bipolar. differential
Gain Range: 75 to 1000

‘nput Sensitivity: 1 MV/V minimum for 8 V output
Output Voltage: 0 to +8 VDC (linear to 9.5)
Output Current: 0 to 10 MA

Nonlinearity: .01% maximum
Compliance: .1% plus vs. minus full scale

Stability: +.1% for 24 hours
Tempco: .01% full scale/°C

Noise and Ripple: Less than 5 MV P-P
at gain = 1000

Filter Type: 2 Pole Butterworth
~requency Response: DC to 220 Hz

(2.2, 22, 2200 Hz available
in lots of 10. no charge!

BRIDGE SECTION
Excitation Voltage: 8 VDC +.25

Sensor Resistance: 120 OHM minimum,
1000 OHM maximum

Balance Range: +30% of output
(350 OHM bridge)

GENERAL
Weight: Approx. 2 ozs.

Size: 2.25 x 2.50 x 80 inches tall

Mounting: Corner standoffs. 4-40 thread
Input/Output: Via screw terminals

Operating Temp: 0 to 70°C
Power Required: 12 VDC +.5 at 65 MA
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Appendix B.4:TG-2936-B Tachometer



TG-2936
2.20 V per RAD/S (max.)

520
325

MOUNTING .052
DIMENSION 072

—

8 1655 eau)

125-130 DIA. THRU C'SINK 82° TO
230 MIN. DIA. (4) HOLES SPACED AS
SHOWN ON 3.330 DIA. B.C. _235

MAX

b‘ull

RE.
-

7 —

53720 2881 4)
3730 MAX yp

| © 360 es
I MAX. i

’ x
A

11]

+ ta
 1.6400

eben 370 VE4% ?MAX. |
&gt;

4,  -— a

:

RIACK
—e— 1,230 —
ROTOR REF

NOTES:
. — TO BE SUPPLIED AS THREE SEPARATE COMPONENTS: ROTOR. STATOR WITH
&lt;EEPER. AND BRUSH ASSEMBLY CAUTION: DO NOT REMOVE KEEPER UNTIL ROTOR
S FULLY IN PLACE

&gt; — MOUNTING REQUIREMENTS: DIAMETERS "A" AND "B" TO BE CONCENTRIC WITH-
N .001(.002 T.1.R.)WHEN MOUNTED.

3 — WITH A C.CW. ROTATION AS VIEWED FROM BRUSH END. A POSITIVE VOLTAGE
SHALL BE GENERATED ON RED LEAD
1 — GOLD PLATED COMMUTATOR.
3 — METAL GRAPHITE BRUSHES (4

YA

LEADS:
#24 AWG TYPE "E” TEFLON COATED
PER MIL W-16878 18" MIN. LG.

TACHOMETER CONSTANTS Values Units

Maximum Voltage Sensitivity - Ke
Ripple Voltage (Average to Peak. unfiltered 1max) - Er
Ripple Frequency (Fundamental)
Static Friction (Max.) - TF

Rotor Inertia - J ]

Maximum Terminal Voltage

Maximum Speed (Brush Limited)
Neight

pd V per RAD/S

PERCENT

CYCLES/REYV.

LB. FT.

LB.FT.S?2

VOLTS

RAD/S

LB.

vl

0.014

2.1X10-4
150

29

a

WINDING CONSTANTS Winding Designations

__ UNITS TOLERANCES A B C D E F G

Joltage Sensitivity - Kg V per RAD/S *10% 1.4 11.75{ 2.20 1.10 0.343

viaximum Operating Speed - @ max RAD/S 90 86 68 90 90

Maximum Output Voltage - Vmax __ voLts 126 ' 150} 150 99 30.9

JC Resistance (25°C) - Re OHMS *12.5% 475 1 777 | 1230 307 29
‘nductance - Lo HENRIES +30% 0.44 069 1.1 027 0.026
Recommended Load Resistance - Re - OHMS 47K 78K | 120K 30K 209K

”
i Inland Motor Snecialtv Prodiicte

NI ~Ffr
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Appendix B.5 : 168-K400 Series Resolver-to-Digital
Converter
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synchro resolver-to-digital converter
single module 2-speed 16-bit

series 168K400

FEATURES
 Bm 1:16, 1:32 or 1:36 speed ratios
m 20-second accuracy
B 16-bit byte/paraliel output with 3-state

output latches
2-speed inputs, multiple pole or geared types
Insensitive to rotor-to-stator phase shifts
up to 70°
Single module

APPLICATIONS
Radar Tracking — Satellite Tracking —
Robotics — Precise Angle Measurements

a
GENERAL DATA
The Series 168K400 is the first 2-speed, high performance, syn-
chro (or resolver) - to - digital converter specifically designed to
operate with multiple pole synchros or resoivers. 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 necessarv for 2-speed con-
version. The binary angie output is 3-state addressable as either
‘WO 8-bit bvtes 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-diqgital converter.

Single-Speed Converter (See Figure 1)
The S/D converter determines the vaiue 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 angie.

B n

The Function Generator performs the trigonometric computation:

sin (¢—-0) = (sin®cosO-cosPsinO)

Note that for small angles, sin (¢- 0)=(®- 6). 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
ies.

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-Controlied 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.

SAR AVENUE +o CHATSWORTH. CA 91311 + (818) 709-551(
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ELECTRICAL SPECIFICATIONS
Parameter Value
Resolution 16-bits (0.0055°)
Accuracy! 20 seconds (1:32 or 1:36)

40 seconds (1:16)
1:16, 1:32 or 1:36
L2°

Speed Ratios
Allowable Synchro
Misalignment(?
Allowable Rotor to
Stator Phase Shift

Coarse Input
Fine input

Synchro Input
Rates'®)

Maximum Tracking
Rate

Acceleration
Constant (K,)

£20°
p70°

47-70 Hz 350-450 Hz 800-1200 Hz

250°/sec 1000°%sec 1800°/sec

4,500 75,000 230,000
sec 2 sec? sec2

dower Supplies!
+15V
-15V
+ 5V

Digital Inputs/Outputs
Parallel Binary Angle
Converter Busy (CB)

30 mA max (25 mA typ)
35 mA max (30 mA typ)
15 mA max (10 mA typ)

3-state, 2 TTL loads max.
i to 2 us positive puise, 2 TTL loads
nax.

Logic ‘0’ = tracking, logic ‘1 = error
2 TTL loads max.

-ogic ‘0’ latches angle output
-ogic ‘0’ enables bits 1-8
-ogic ‘1’ disables
-ogic ‘0’ enables bits 9-16
_ogic ‘1’ disables

Built-In Test (BIT)

nhibit (INH)®
Znable M (ENM)®

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

lange +10V min.
~oading 10 kohms max.

Synchro/Resolver Input?
11.8V L-L 75 kohms min.
0V L-L 800 kohms min.

3eference Input?
23 to 29 Vrms 80 kohms min.
103 to 127 Vrms 300 kohms min.

nput Type® Solid-state differential
remperature Ranges

Operating 0° to 70°
-55°C to 105°C (ET)

Storage -55°C to 125°C
Dimensions 3.125” x 2.625" x 08”
Weight 75 oz

NOTES:
. 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 domiggtes in the de-
termination of the coarse (1X) shaft angle. No ambiguities will
axist unless the allowable misalignment is exceeded.

NOTES: (Continued)
3. Higher tracking and acceleration rates available, consuit 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.
5.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
4etector switches the fine SSCT error signal into the demodula-
tor. Simultaneously the source of the demodulator drive voltage
s switched to the synthesized reference which is derived from
fine stators therefore negating the fine rotor to stator phase shift.
rhe feedback angle © to the fine SSCT is multiplied by the speed
-atio therefore increasing the voltage gradient of the fine SSCT
py 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
ransparent latches which can be enabled as one 16-bit word or
:wo 8-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 parallel data bits, a Converter Busv
CB) and a BIT loqic 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-
outs are valid 0.5 microseconds after an Enable is driven t0
logic ‘0’.

Fhe CB output is a positive 1 to 2 microsecond pulse, and dats
changes during the CB pulse. Data is valid at the trailing edae
of the CB pulse.

rhe 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 so that
he 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’,
he 16-bit latch will remain locked and its data cannot change
until INH is driven back to logic 1" and CB returns to logic ‘0’.
f an INH is applied during a CB pluse, the 16-bit latch will not
ock until the CB pulse is over. Inhibit commands do not affect
he updating of the converter no matter how long they are applied.

TIMING
Whenever an input angle change occurs, the converter changes
the digital angle in steps of 1 LSB and generates a CB pulse.
During the 1 to 2 microsecond CB time, the output data is chang-
Ing and should not be transferred. The converter will ignore an
INH command applied during a CB interval until that interval is

SINGLE-SPEED CONVERTER BLOCK DIAGRAM
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aver. There are two methods of interfacing with a computer: (1)
synchronous, and (2) asynchronous. A simple method of syn-
shronous 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-
tly 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 (K,, = =)
and very high acceleration constants (Ky) 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

VIECHANICAL OUTLINE

- 2.625 +0.015- 1.125 &gt;
‘Min)

0.82
+ Many

ENL
ENM
unr

EL
8
‘Mb

Flse o11st o
N(Slo
Eis20

1.125 |
0.015

| 2.60
+0.015

-
-&gt;

ALO
 4 O

7 a -

0
. *
D{s1o
A So }1ts20il ss 04

Ps (NOTE 1)

b

&gt;

.

&gt; 15V ©
-1SV ©
3NOD €
Yi

0.100 1
{Typ) |
NOTE 3)

MBA

INOTE 21 7

-- ) 162 + 0.0200.262
0.020

-— 2.300 +0.010 ———=

BOTTOM VIEW SIDE VIEW

NOTES:
I. S4 pin appears on resolver input model only.
2. Rigid 0.025 diameter pins for solder-in or plug-in applications.
3. Noncumuiative.
4. Dimensions are in inches unless otherwise specified.

lags in the converter output. Acceleration lag can be computec
from the following equation:

E = _acceleration (%/sec?)
a W

The open loop transfer functions for all frequency options are
given below:

(-S_ +1)
a _ 66° 33

0 = Ts
— +1)Q? (Tg

2 (—=_ +1)
G00 ao 266° 133 _

S—— +1)g2 {=

, (== +1)
a _ 482° 277

1000 = s -
— +1q? bt )

ORDERING INFORMATION
168K INPUT STATOR REFERENCE FREQ. SPEED

SUFFIX TYPE VOLTAGE VOLTAGE RATIO
400 SYNCHRO 11.8V 26V 400 Hz 1:36
401 SYNCHRO gov 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-
ipole svnchros or resolvers that are available.

n order for CSI to specify the right converter for a specific mul-
ipole 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) Zu (primary shorted)



2 RC

Appendix B.6 : Bearings
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TORQUE TUBE SERIES

=50™
a \

wyh

Lo Li
1 1

SK
Bij

RADIAL BEARINGS: 2
WITH PHENOUC CAGES

0.D..
D

=.WIDTH eine,

NARROW|- STANDARD ] WIDE
Both (B) (Outer (Bo)] Inner (By) | Both (8)

BORE
4

6250 | 1.06257500 ' 1.1875
.8750 1.3125

1.0625 1.5000
13125 1.7500

2500
2500
2500
2500
2500

2500 |
2500
2500
2500
2500

2812
2812
2812
2812
2812

 2812
2812
2812
2812
.2812

1.5625
1.8125
2.0625
2.3125
2.5625

2.0000
2.2500
2.6250
2.8750
3.250Nn

2500
2500
2500
2500
3120

2500
2500
2500
2500
3120

2812
2812
2812
2812
137580

2812
2812
 1.2812

2812
3750

2.8125
3.0625

3.5000
3.8750

3120
3120

3120
3120 i

3750
3750 | 375037580

&lt;Bg+

N - §

-() L, 3 0

NNAN Lv ug

NOTES:

. Basic number denotes standard width for open bearing.
2. Basic numbers shown include SS for AISI 440C stainless steel.
f SAE 52100 chrome alloy steel is desired, delete SS.
ABEC 5T is standard. 7T tolerances also available.

i. rsMaximum shaft or housing fillet radius that bearing corners
will clear.

5. Also available with ribbon type cages. Consuit NHBB for part
aumber designation.
1.0ad ratings shown are for chrome alloy steel.

RADIAL BEARINGS
WITH TEFLON SLUG
SEPARATORS

BORE
d

0.D.
D

 WIDTH _

NARROW] STANDARD 1 WIDE _
Both (B) [Outer (Bo) Inner (By) | Both (8)

2500 2812 | 2812
.2500 2812 2812
2500 2812 2812
2500 2812 2812
KEN 98° 2812

6250 | 1.0625
7500 ' 1.1875
8750 1.3125

1.0625 1.5000
1 241924 ©7500

1.5625
1.8125
2.0625
2.3125
2 RRO”

2.0000
2.2500
2.6250
2.8750
1 2580N

2500
2500
2500
2500
112n

2500 | .2812 ! .2812
2500 | .2812  .2812
2500 | .2812  .2812
2500 .2812 .2812
249n  378Nn 37580

2.8125 | 3.5000 .312030625 | 3.8750 .3120
3120 | 3750
3120 | 3750

3750
3750i

a



EN
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==

a

 BASIC.
NUMBER

SSRI-538EEKF
SSRI-539EEKF
SSRI-540EEKF
SSRI-541EEKF
SSRI-542EEKF

SSRI-543EEKF
SSRI-544EEKF
SSRI-545EEKF
SSRI-546EEKF
SSRI-547EEKF

SSRI-548EEKF
SSRI-549EEKF

BASIC
NUMBER

SSRI-538EESL
SSRI-5639EESL
SSRI-540EESL
SSRI-541EESL
SSRI-842EESL

SSRI-543EESL
SSRI-544EESL

SSRI-545EESL |SSRI-546EESL
SSRI-S47EESL

SSRI-548EESL
SSRI-549EES]

— FILLET
RADIUS

015
015
015
015
015

015
015

015 |015
N15

Vv.

3: -
J

FILLET
RADIUS

U.
015

015 |015
015

VA
.015

ors |.015
N14

014
: 03

.  BALL--.
 COMPLEMENT

: SIZE
~~ Dp

LOADRATINGS® |. LAND DIAMETER© Lbs . (REFERENCE)

Lo--- DYN:
Cc

| STATIC
3

J)
(

2
4

To | ‘16
1/8
1/8
1/Q

|

547
536
581
616
640

344
347
408
471
5134

A173 .933
.894 1.054

1.019 1.179
1.210 1.370
1.460 1.620

J

29
32
34
26

3 i

1g
18
1/8
1/16

fol
806

834 |
879

1462

746
869
963

1024
1508

1.706
1.947
2.260
2.513
2.793

1.866
2.116
2.434
2.674
3.019

:

12
3/16 |
3/16

1605
6806

1725
377

3.043 3.269
3.356 3.582

-

BALL
COMPLEMENT

SIZE
Ds,

LOAD RATINGS*
Lhe

LAND DIAMETER
(REFERENCE)

NO. : DYN. |©
STATIC

Ca Li Lo

1/8
1/8
1/18
1/1

547
567
608
662
701

344
376
437
530
£23

173
.894

1.019
1.210
1.460

.933
1.054
1.179
1.370
1.620

!

15
18

Cond

7

32 |
36
26

1/8
1/8
1/8
3/16

Tul
774
834
916 |

1480

746
809

963 |1084
1608

1.706
1.947
2.260
2.513
2 7Q13

1.866
2.116
2.434
2.674
3.019

’
r

]

3/16 | 1505 | 17253/16 166 1977 3.043 | 3.2693.356 3.582
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ABEC TOLERANCES"

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

 LteER

VE TTT A SESE Fe * Se rT Hintof ARE a po aL on DEE eon ST STRAUS®
=. Eman Unatirtend. Wn aie ABE AEE age rT RT vrinee SaeeyuaadtThe ewBRERSRAIEY eel LEE SET ugg, Ee ie

“7 Diameter Series : “eso Width Deviation hi Py il
Diameter -" Radial ‘Width-

 17.8.9 3,4 | Variation _ Runout «All| Normal| ModiT7898 |01[234] Va CF fied | Variation
.- Vdp | Vdmp Kia ABs |ABs|  aBs# Bs

Max. Max. Max. High Low Low Max.

eg. ++ Single Bore -
w=r¥=- Dlameter Variation -

&gt;
Xf Li

Tg
Coe Mean .

Bore Bore . on
Jiameter Diameter

{mm) Deviation
__4 __ Admp

Qver Incl. 1 High Low .!

A 5
J 5
5 5

3 :
58 =

1e .

i
!

=f
~47
-17

45
6
j

g ~

v

=v

-4
-45
oo

| | |
-98
-98
~98
-98

- 180

|
7s S ii

DUTER RING Tolerance values in .0001 inch

=OPEN wf SHIELDED
BEARINGS BEARINGS

Single Outside i

Diameter Variation®-
Diameter Series

789 |01 [234 | 01.234
Dp C_VDpr

May May

ALM

Mean
Outside
Diameter
Deviation

0 ADmp
Over inct  ' High | ow

Mean
Dutside

Diameter Radial
Variation Runout
VDmp* I Kea
tl Spax. May

Single
Width . Width

Deviation Variation
_ ACs VCs

High Low Max.

} -15
: -45

ZA

5
$ 25
35 | 3
45 2

Ja

:|
}

45
rg

5
’5
} Identical to ABs and

\/Bs of inner ring of
same bearingan 9LL- “y

 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.



TYPE X KAYDON REALI-SLIM BALL BEARINGS (CONTINUED!
203.Lm mr TT a”“INN el : |ae oY ath : ’ y ]

te, oT es - : re

arden TT SE Tr - } " pe : te Ea”
Cea eE 0 TL a ree - mE ee SE ETN Te
EE A rT EEN*- : ‘

"Bearing Number

Current | Former |
»KA020XPO|KA20XP
»KAO25XPO  KA25XP
»KAO30XPO KA30XP
»KAO35XPO KA35XP
»KAO4OXPO KA4OXP

« KA042XPO

MRAGAEXPO
»KA047XPO
2K A0S50XPO

’KA055XPO

»KA060XPO

»KA065XPO'
sKAO70XPO

KA075XPO
&lt;A080XPO

&lt;A0S0XPO
KA 100XPO

KA 110XPO
XKA120XPO

" - Dimensions in Inches Capacities (D = Weight!

Outside]Land|Lana. inBore|Dia.Dia. L; ‘Dia. L- [Static TDynl Static|Dyn. IStatic| Dyn. | Pounds!
 2.000] 2.500] 2.186} 2.314 310! 780: 350 .10

2.500] 3.000 coe | 2.814 360 | 890 ago| 13
3.000] 3.500 3.186) 3.314 400 | 1,000 650| .15
3.500| 4.000 3.686! 3.814 430 | 1,100 g10| .18
4.000) 4500' 4.186) 4.314 a80 | ' 170 0201 19

SNAPOVER
SEPARATOR
1/8 BALLS

4.2501 4.750!
4.500] 5.000!
4.750| 5.250
5.000} 5.500"
5.500] 6.000

4.436 |
4.686 |

4.936 |
5.186 |

5.686 |

4.564
4.814
5.064
5.314

5.814

6.314
6.814
7.314
7.814
8.314

9.314
10.314
11.314
12.314

500
510
530
540
=80 '

 1,220

"300
 330
440

1,120| .20
1,210 .22
1,330 23
430] 24
1.660] 25

1,910{ 28
2,180] 30
2,460} .31
2,760] .34
3.0701 38

3,700 44
4,390] .50
5,120 .52

5920! .55

1,250|=

ghi .250

LPT
Le3 ,

ay %,

5.000! 6.500 5.186)
3500) 7.000| 5.6867.000] 7.500] 7.186

7500) 8.000| 7.6868.000| 8.500] 8.186

KAS0XP | 9.000 9.500| 9.186|
KA 100XP {10.000| 10.500 10.186
KA110XP [11.000 {11.500 [11.186

KA120XP [12.000|12.500|12.186

510
340 |

580
710
740

1.500.
1610:
1.670

1,780 |
1.830

800
360
910
370

2,000
2,110
2,780
2,390

® F=.025
Bearing corners are
normally chamfered

can ff

KB SERIES
Bearing Number Dimensions in Inches _ Capacities (1) Weight

Outside] Land | Land {Radial in Lbs.|ThrustinLbs.| Moment (Lbs-in) in,Bore | Dia. |Dia. L,|Dia.Ly Static’ Dyn.| StaticT Dyn.] Static |Dyn.|Pounds
2.000 2625) 2.231} 2.393) 4401 1,100 510 162.500| 3.125! 2.731 2.893I 510 3 | 710. .19
3.000| 3.625! 3.231| 3.303! 560 1,410] 930| 24
3.500| 4.125: 3.731' 3.803 510 £20} yon 27
4.000! 4625 4.231 4.393 580 1.630 1450 30

1.250 | 4.875
14.500}! 6.126
1.750| 5.375!
5.000 5.625
5.500! 6.125"

6.625
7.125

7.625
8.125 |
8.625

3.000 9.625,
10.000| 10.625
1.000{11.625'
12.000' 12.625
14.000 ' 14.625 '

SNAPOVER
SEPARATOR
5/32” BALLSCurrent

»KB020XPO
»KB025XPO

»KBO30XPO
»KBO35XPO

»KB0O40XPO

»KB042XPO |

*KBO45XPO
&lt;BO47XPO'
KBOS0XPO

»KBOS5XPO

»KBOGOXPO
»KBO65XPO
KB070XPO
KBO75XPO

»KBOBOXPO

*KB090XPO
KB100XPO
KB110XPO
KB120XPO
KB140XPO

tKB160XPO

KB180XPO

Former
KB20XP °

KB25XP

KB30XP
KB35XP
KB40XP

XB42XP

&lt;B45XP
&lt;B47XP

&lt;B50XP

KB55XP

 690
800
860

1,910
2.030

2,140
2,250
2,370
2.480
2.590

2,820
2,990]
3,210
3,380
3.720

oo
4,390

| 4,730’

3125== 3125
-

KB60OXP

KB65XP
XB70XP

KB75XP

KBSOXP

~&amp; |By)
h

&lt;B9IOXP

KB 100XP

KB110XP

KB120XP
KB 140XP

&lt;B160XP
KB 180XP
&lt;B200XP

3.303

0.393,
1.393

2383)14.303

"6.000 16.625, 16.231 :6.393!
18.000 18.625!18.231 18.393!
70.000 |20.625120,231 120.393

130
180

,240
350
460

5.250 .66
6,090] .73
7.010] .75
8,320] .83

10.480! 1.05

13,290| 1.20
ror 1.35

 18.9201 1.50

1,630
1,750

11,860!

@ F=.040
Bearing corners are
normally chamfered

NOTE. ®
2

Available from stock — check for availability of other sizes. X — limited availability. } »
Zapacities listed are not simultaneous. For combined loadingsee discussion of Bearing Selection and Load Analysis. Dynamic capacities are
oased upon 500 hours L,, life @ 33% RPM (1.0 million revolutions). Moment capacities are in pound-inches.‘F" is the maximum shaft or housing fillet radius the bearing corners will clear.
Consult Kaydon for static capacity ratinas. KAYDON



TYPE C KAYDON REALI-SLIM BALL BEARINGS (CDRTANUF

KA SERTES YS “i. [584
ie CAR Ta - 3 m7. jE ANRL h Ea

Dimension in Inches- Te y Radial Capacity Weight-
Outside Land. -| Land. © (Lbs.) ® in oa
Diameter' Dia. L, Dia. L, Static |Dvnamicl Pounce

2.500 310
3.000 360
3.500 400
4.000 430
41.500 480

anv

Bearing Number"
~ I a

Current Former- |
»KA020CPO | KA20CP
sKAO25CPO  KA25CP
»KAO30CPO  &lt;A30CP
oKAO35CPO  &lt;A35CP
oKAO40CPO  &lt;A40CP

&lt;A42CP
CA45CP
{A47CP

CA50CP
CAS55CP |

Bore

2.000
2.500
3.000
3.500
4.000

»KA042CPO
oKA045CPO
oKA047CPO
»KAO50CPO
»KA055CPO

»KAO60CPO
»KA065CPO

»KAO70CPO
2KA075CPO
eKA080CPO

*KA090CPO

KA 100CPO

sKA110CPO
so KA 120CPO

1.250
4.500
4.750
5.000
3.500

4.750
5.000
3.250
3.500
5.000

5.500
1.000
1.500
3.000
3.500

4.436
1.686
4.936
5.186
H.686

4.564
4.814
5.064
5.314
5.814

5.314
5.814
7.314
7.814
8.314

500
510
330
540
580

20
22
23
24
25

250k| 7] 4
rt % 250of oF

KA60CP |

&lt;A65CP
&lt;A70CP
&lt;A75CP |
CAS0CP

5.000
5.500
7.000
7.500
3.000

55.

6.186
6.686
7.186
7.686
8.186

510
540
680
710
7140

28
3)

3S.
34
38

|
&lt;KA90CP

KA 100CP
KA110CP
KA120CP

3.000
0.000
1.000
2 NNN

3.500
0.500
 1.500
 2 800

9.186
10.186
11.186
12.188

9.314
10.314
11.314
12.314

300 + 44

360 .50
910 52
970 88

® F=.025
Bearing corners are
normally chamfered

KB SERIES SNAPOVER
SEPARATOR
5/32” BALLSBearing Humber

Current

»KB020CPO
*KB025CPO
»KB030CPO

+KB035CPO
+KB040CPO

“imensions in Inches = Radial Capacity “Weight
Outside Land Land {Lbs.) ® in
Viameter | Dial. = Dial. “grauc IDveamic! Pounds

2.625 2.231
3.125 2.731
3.625 3.231
4.125 3.731
1.625 4.231

4.875
5.125
5.375

5.625 |53.12%

Former
KB20CP
&lt;B25CP |

&lt;B30CP |
&lt;B35CP
&lt;B40CP

&lt;B42CP

&lt;B4SCP

&lt;B47CP
&lt;B50CP
&lt;BS5CP

Ror» |

2.000 |

2.500
3.000
3.500
4.000

sKB042CPO
*KB045CPO
KB047CPO

»KBO50CPO

»KBOS55CPO

oKBO60CPO
*KB0O65CPO

KBO70CPO
XB075CPO

2KBOS8OCPO

4.250 |
4.500
1.750
7.000
7.500

4.481 |
4.731
4.981
5.231
5.731

5.231
5.731
7.231
7.731
3.231

690
720
740
770
R20

3125
&amp;

3125P=

AndIL

T

&lt;B60CP
&lt;B65CP
&lt;B70CP

&lt;B75CP
KB8oCP

&lt;B90OCP
&lt;B100CP
&lt;B110CP
KB120Ce
&lt;B140CP

5.000 |
5.500
7.000
1.500
3.000

3.000
10.000
1.000
2.000
4.000

5.625
1.125
1.625
8.125
3.625

9.625 |
'0.625
 1.625
2.625
14.625

6.393
65.893
7.393
7.893
].393

870
910
860

1,000
1.040

44
47
.50
53
87

3 |
|

KBO90OCPO
KB8100CPO
KB110CPO
KB120CPO

KB140CPO

KB160CPO

XB180CPO
KB200CPO

3.231
0.231
1.231
2.231
14.231

9.393
10.393
11.393
12.393
14.303

1,130
1,180
1,240
1,350

1 460

.66
73
.75
.83

1.08

KB160CP
KB180CP
KR2NOP

-6.000
‘8.000
70.000

16.625
18.625
20 625

6.231
8.231
 "mM 221

16.393
18.393
20.393

. ’

| 1,630 1.20
1,750 1.356

1,860 1.80

® F=.040
Bearing corners are
normaillv chamfered

NOTE ; Available from stock — check for availability of other sizes. X — limited availability.
capacities listed are not simultaneous. For combined loading see discussion of Bearing Selection and Load Analvsis. Dynamic capacities ar
yased upon 500 hours L, life @ 33% RPM (1.0 million revolutions).
‘Fis the maximum shaft or housing fillet radius the bearing corners will clear.

Consult Kaydon for static capacity ratings. KAYDO!
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vdon REALI-SLIM Ball Bearings

YPE C
KAYDON Precision Tolerances and Recommended Fits
For REALI-SLIM Ball Bearings in Normal Applications

PRECISION CLASS 1
Bearing Diameters | Radial&amp;Axial !

Runout
Rotating Shaft 1 Bearing Diametral

Clearance®

Bearing Bearing.8 Bore | 0.D.

All | Nominal | Nominal | Inner:
wins) +0000 ! +0000 ' Race

Shaft Housing
Diameter 1 Bore

Nominal ! Nominal
+.0000 |! +.0000

Shaft

Diameter
Housing

Bore
Expected

Minimum
After
Instal.

Before
InstallationOuter

Race Nominal Nominal

0 |!

5 |

2|
ww |

0004
-.0005

—.0006

-.0006

-_0006

-.0005

-.0005

-.0005

-.0005

—.0006

.0005

.0006

0008

0008

0008

0008 +0004. +0005
0008 | +0005 +0005
0010 i +0006  -0006
0010 | +0006 0006

0010 +0006  -0006

0004 |

-.0005

-.0006

-.0006

 ~- 0006

—.0008

-.0010

-.0012

-.0012

—.0012

—-.0005 | —.0010

-.00056 -.0010

-0006 -.0012

.0006 -.0012

.0006 -,.0012

00t0 | .0016

0018

0024 |

0024 |

0024

.0003

.0003

.0003

.0003

.0003

0012

0012

0012

130 : 0012

135

0 |

M2

-.0008

-.0008

-.0008

-.0008

 ~- 0010

~ —.0006

*..0006

-.0008

-.0008

-.0008

0010

.0010

0010

0010

 0012

0012 ' +0008

0012 . +0008

0014 © +0008

0014 . +0008

OIA STOOD

- 0006

- 0006

-.0008

-0008

- 0008

-.0008

-.0008

-.0008

-.0008

-.0010

-.0016

-.0016

—.0016

-.0016

—.0020

-.0006

~.0006

-.0008

.0008

-.0008

~.0012

-.0012

~.0016

-.0016

—~.0016

0016 0028 | .0004

0028 | .0004

0028 | .0004

0028 0004

0034 .0006

0016

.0016

0016M45

M7 0020

50

155

60

65

70

0010  -.0008

-0010  -.0010

-.0010 = -.0010

-0010 ' -.0010

~0010  -.0012

.0012 0014

0012 0016

.0012 | 0016

0012 .0016

0012 © 0016

+.0010

+.0010

+.0010

-.0010

-. 0010

-.0008

-.0010

.0010

0010

0012

-.0010

-.0010

0010

0010

-0010

—.0020

-.0020

-.0020

-.0020

-.0020

0008

-.0010

-.0010

-.0010

-.0012

-.0016

-.0020

-.0020

-.0020

-.0024

0020

0020

0020

0020

0020

0034

.0034

0034

0034

0024

.0006

0006

.0006

0006

.0006

75

180

190

00
10

-.0012

-.0012

-.0012

-.0014

-.0014

-.0014

-.0016

-.0018

-.0018

-.0020

-.0012

-.0012

-.0012

-.0014

- 0014

0016 © .0018

0016 : .0018

0016 : .0018

.0018 ' .0020

0018 . .0020

+0012

+0012

+0012

+.0014

+0014

.0012

=.0012

+0012

+0014

+0014

-.0012

—.0012

—-.0012

-.0014

-.0014

-.0024

-.0024

-.0024

-.0028

-.0028

-.0012

—.0012

—.0012

-.0014

-.0014

-.0024 .0024

-.0024 . .0024

-.0024 © .0024

-.0028 : .0028

-.0028 . .0028

0042 ©0007
0042 © .0007
0042 © 0007

.0048 | .0008

.0048 | .0c08

20 —-.0014

-.0016

-.0018

-.0018

-.0020

0018 ° 0020 +0014

.0018 ' 0020 +.0016

0018 2020 +0018

.0020 0020 +.0018

0020 ' 0020 +0020

+.0014

+0016

+0018

0018

-.0020

-.0014

—-.0016

—.0018

-.0018

-.0020

-.0028

—-.0032

—.0036

-.0036

—.0040

—-.0014

-.0016

-.0018

-.0018

—.0020

—.0028 : .0028

-.0032 .0032
-.0036 ' .0036

-.0036 .0036

-.0040  .0040

0048 | .0008

0052 | .0010
0056 : .0011
0056 | .0011

0060 | .0012

40

60

‘80 ;

O00

0 -0030 -0030 0020 0020 -0030 -0030 -.0030

00 ~~ -.0030 -.0030 .0020 :.0020 +0030 +0030 —.0030

50 —.0040 -.0040 ‘© .0020 : .0020 = +.0040 +0040 : —.0040
00  —.00An © _004N . 0070 © 0090 +0040 +0040 . — 0040

-.0060 -.0030 -.0060 .0060 0080 i .0018

—.0060 + —.0030 -.0060 .0060 0080 .0018

~.0080 | —.0040 —.0080 0080 .0100 0024
—NORO | —0040 | —.O0R0 © O0S0 0100 | 0024

netral clearance after installation theoretically can range rather widely if all
ntributing bearing, housing, and shaft tolerances are at either of their extremes.
earances shown are the amounts expected according to the laws of nrobabilityv.

Race Width Tolerance:
Up thru 12°° Bearing Bore +.000 -.0085
Over 12° Bearina Bore +.000 —-010

 dimensions in inches



KAYDON Precision Tolerances and Recommended Fits
For REALI-SLIM Ball Bearings in Normal Applications

296
Kaydon REALI-SLIM Ball Bearing

TYPE C
TYPE 2
TYPE £

PRECISION CLASS 4
Bearing Diameters

!

Bearing! Bearing|Bearing
Size | Bore | 0D.

(All Nominal | Nominal’
Series) | +.0000 | +.0000

Rotating Shaft Stationary Shaft
Bearing Diametral

Clearance”
Expect

Min
Af
Inst.

Radial &amp; Axial Runout

Shaft | Housing
Diameteri Bore:

Nominal | Nominal|
+.0000 | +.0000

Shaft Housing
Diameter Bore

inner Outer
Race Race

. |

Nominal Nominal

_.0002 | —.0002 | R.0002, i A.0003|R.0002,|A.0003 +.0002+0002—.0002
5 + —.0002 | —.0002 | R.0002,  A.0003|R.0002,|A.0003|+.0002+0002|—.0002

220 | —.0003 . -.0003 | R.0002, A003] 7.0003. A.0004- +0003 +0003 —.0003
125 | -.0003 | —0003 | R.0002, A.0003| R.0003,|A.0004+0003+0003| -.0003
130 | —.0003 —.0003 R.0002, A.0003!R.0004, A.0005 +0003 +0003 —.0003

335 | -.0003  -.0003 ! R.0003, A.0004|R.0004, A.0005 +0003 ' +0003 | —.0003
0 | -.0003 -.0003 .0003, A.0004' R.0004, A.0005 +0003 +0003 : —.0003
M2 | ~.0003 —.0004 | R.0003,| A.0004 R.0004, A.0005 +0003 0004 | —.0003
M5 |—.0003 -.0004 | R.0003,| A.0004' R.0004,iA.0005 +0003 +0004 | -.0003
#7 | —0004 0004 | R.0003,} A.0004 | R.0004,. A.0005 +.0004 | —.0004

350 000s | _.0004 7.0003, A004 R.0004, A.0005 - 0008 0008 0003 | ore] .000:
)5 | -.0004 —.0005 R.0003,; A.0004 R.0005, A.0006 -.0008 ~.00101.0010 1 .0016| .0003
0 | —0004 —.0008 ' R.0003,' A.00041R.0005, A.0006 +0004 —.0008 _.0010' 0010 | 0016 . .0003

¥5 | 0004 -.0005 R.0003, A.0004:R.0005 A.0006 +0004 +0005  —.0004 | —.0008 _.0010.0010 | 0016: 0003

070 —.0004 -.0005 R.0003,' A.0004: R.0005, A.0006 +.0004 +0005 —.0004 | —.0008 —.00101.0010 | .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
90 | —.0005 -.0005 R.0004, A.0005:R.0005,:A.0006+0005+0005 —.0005 0010 | —.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

10 —0005 —0005 R.0005, A.0006 ROO, 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 ._.0012 —.0006 .—.0012;.0012 ; 0018 .0003
60 : —.0006 —.0007 ' R.0007,  A.0008 R.0008, A.0009 +0006 +0007 —.0006 ' —.0012 —0007 -—.0014:.0014 | .0020= .0004

180 ' —.0006 -0007 - R.0007,  A.0008 R.0008, A.0009! +0006 +0007 © _.0006 | —.0012 —.0007 '—.00141.0014 | .0020: .0004

200 | —.0007 ' —.0008|R.0008,|A.0009|R.0009, A.0010|+0007 +.0008 ' —.0006 | -- '14 | —.0007 .—.0016.0014 | 0022" .0004

—.0004 —.0002

—-.0004 | —.0002
~.0006 '—.0003

—.0006 —.0003

—.0006 —.0003

—.0004|.0005'0009|.0001

—.0004 | 0005 ' .0009 | .0001
0006 | 0006 00121 0002

0006 | 0006 0012. .0002
-.0006 1.0006 | 0012 | 0002

_.0006 1.0006 | .0012|.0002
_.00061.0006 0012! .0002
_.0008 1.0008 | 0014|.0002
~.0008| .0008 0014. .0002
—.0008 1.0008 | .0014|.000"

Total Width Tolerance — Duplexed Type A Bearings:
'Jp thru 2°’ Bearing Bore +.000 —-.020
Dver 2’° thru 5'* Bore +.000 -.030
Over 5° thru 14’* Bore +.000 —-.040
Dver 14’ Bore +000 -.050

lace Width Tolerance — Single Type C, X, A Bearings:
Jp thru 12’ Bearing Bore +000 -.005
Yvar 19° Roarinn Rare n10n

*Diametral clearance after ins*ai!ation theoretically can range rather widely if a
contributing bearing, housing, and shaft tolerances are at either of their extreme
Clearances shown are the amounts expected according to the laws of probability
Diametral clearance shown do not apply to type A (angular contact) bearings.

All dimensions in inches

KAYDON



don REALI-SLIM Ball Bearings

YPE C
YPE X
YPE A

KAYDON Precision Tolerances and Recommended Fits
For REALI-SLIM Ball Bearings in Normal Applications

PRECISION CLASS 3
Bearing Diameters

Bearing | BearingBore | OD.

Nominal Nominal |
+ 0000 +.0000

~ Radial &amp; Axial

Runout
Rotating Shaft Stationary Shaft

Bearing Diametral
Clearanc~*

:aring
Size

All ]
eries)

Shaft | Housing
Diameter! Bore

te ef ett

Nominal | Nominal+.0000 +.0000

Shaft |
Diameter

Housing
Bore

Expected
Before "Minimum

Installation | After
instal.

Inner Outer
Race | Race

|
Nominal Nominal

0 0002 | —.0003

-0003 | —.0003

-0004 | —.0004

-.0004 | —.0004

- 0004 = —.0004

0003 | .0004

0004 | 0004

0004 |

0004

0004 |

+0002 | +0003

+0003  -0003

-.0004

- 0002 | _ 0004 | —.0003 -.0006 0007 | 0011 | .0003

~.0006 0008 | .0012|.0003
-.0008 0008 |! .0018' .0002

~.0008|.0008 ' 0018 0002

~.0008 | 0008 @ 0018

'5 -.0003

~.0004

~ 0004

..0006 | —.0003

- 0008 | —.0004

-.0008 | —0004

20

125 + 0004 + 0004 1

130 - 0004 - 0004 - 0004 ~-.0008 i —.0004

135 -.0005 —.0004

- 0004

0005 | 0006
0005 i 0006

0005 | .0008
.0005 | .0008
0006 .0008

- 0005

- 0005

+0005

+.0005

« 0006

- 0004

- 0004

0005

- 0005

+ 0005

-.0005

-.0005

-.0005

- 0005

- 0006

~.0010 |
0010

-.0010

- 0010

—.0004 _0008 | 0010 |

-.0008 | .0010

-0010 | 0010

~.0010| 0010
—.0010 0012

0020

0020

0020

0020

0022

0003

40

M2 . —.0005

M6 = —.0005

147 —.0006

—-.0005 ~.0004

' —.0005

I —.0005

0003

0003

0003

0003

~.0005

—-.0005

— 0005 -0012 ! —~.0005

)50

955

%60

165

-.0006

~-.0006

-.0006

~.0006

-.0006

-.0005

~.0006

—-.0006

—.0006

—.0007

0006 ' 0008

0006 0009

0006 : 0009

0006 - .0009

.0006 © .0010

+.0006

-.0006

-.0006

~ 0006

= 0006

-.0005

~.0006

-.0006

+0006

+.Q007

-.0006

-.0006

-.0006

- 0006

-.0006

-.0012 | —.0005

-0012 ' —.0006

0012 —.0006

-0012 —.0006

_0012 —.0007

-0010 0012 .0022 0003

-0012 0012© 0022' .0003
-0012 | .0012 0022 ' .0003

0012 : .0012 0022 ' .0004

0014 © 0014 .0024 : .0004370

75

)80.

190

-.0007

—.0007

—.0007

-.0008

—.0008

_.0007 .0008© .0010 0007
—.0007 .0008:.0010  -0007
—.0007 ' .0008 ' .0010: -.0007

—.0008 © .0010 : .0012! +0008

_.0008 = .0010 | 0012: +0008

+.0007

+0007

+.0007

+.0008

+0008

-.0007

—.0007

—-.0007

-.0008

~.0008

- 0014 ' —.0007

-.0014 © —.0007
- 0014 i —.0007

-.0016  —.0008
—.0016 ' —.0008

0014 | 0014 © 0024| .0004
0014 | 0014 © 0024| .0004

0014|0014 .0024| .0004
~.0016 0016 © .0026| .0004
.0016..0016 | .0026| .0005

00

10

-.0008 —.0009 ' .0010 0014' +0008
~.0008 ~-0009 .0012 0014: +0008

50 0009 0010 0014 0016 +0009

80 _.0009 —.0010 ' .0014 .0016i +.0009

00 © —0010  —0012 ' 0016© 0018 +0010

~0009 -.0008

+0009 -.0008

-0010 -.0009

-0010 : —.0009

+ 00172 : — DNnN

-.0016 ' —.0009

~.0016 : —.0009

-.0018 —-.0010
-.0018 —.0010

- 0020 ' —0012

0018| 0018 .0028| .0005
0018| .0018 : .0028: .0005
-0020 ° .0020 ' .0030 i .0005

~0020 | 0020 i .0030| .0005
dood ooma | pose. goss

imetral clearance after installation theoretically can range rather widely if all
.ntributing bearing, housing, and shaft tolerances are at either of their extremes.

-leararices shown are the amounts expected according to the laws of probability.
Diametral clearances shown do not apply to type A (angular contact) bearings.

Total Width Tolerance — Duplexed Type A Bearings:
Up thru 2’* Bearing Bore +.000 -.020
Over 2’° thru 5°* Bore +.000 -.030
Over 5 thru 14’ Bore +.000 -.040
Dver 14° Bore +000 -—080

ill dimensions in inches
Race Width Tolerance — Single Type C, X. A Bearings:

Up thru 12° Bearing Bore 0 —.005
hear 49° Bearing 215
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Appendix B.7 : DGPH-1610-B-1T high torque
miniature motor



[H CLIFTON PRECISION®
Litton Clifton Heights PA 19018 e (215) 622-1000

~M3 X 0.5MM TAP X .I77MIN. DP.
\ 4 HOLES EQUALLY SPACED ON A
\ 1-102 DIA. BSC. [@® .0I0DIA.
| M2 X 0.4MM TAP
\ \x JTTMIN. DP.
Ly or-

cCwO——

POTENTIOMETER
SCHEMATIC sL

CWO

Housed Torque Motor
Generator—Paotentiometér9 9

DGPH-1610-B-1T

7
75° x IS°TYP.

-

a EC
s &lt; &amp;

8 3 a +ra BEE:Lj+&amp; «

ho. 3)
wri 0

A ]Jor Nod30° og SS &lt;

NE &gt; i
tr
TT

1.465 DIA. MAX.~

.29971.000 oia.
1962 +9000. |

oe? — 1.968 MAX. ——,

.008

094 £.004 S511 MINH.

119623339 DIA. 4 TERMINALS
) ON 1.260DIA.

+.039551+:939 2 83 MAX .—

Performance Data:
Electrical
characteristics Symbol Values Units Tolerance
’eak torque Tp 15.4 0z-in nominal
Motor constant KM 1.9 0z-in/~ watts nominal
zlectrical time constant Te 27 milliseconds nominal
Mechanical time constant ™ 54 milliseconds nominal
Jower input, stailed.

@ peak torque Pe 65.2 watts nominal
Jiscous damping coefficient

Zero impedance source Fo .026 0z-in/rad/sec nominal
Infinite impedance source Fi .002 0z-in/rad/sec nominal

lotor inertia JM .0014 0z-in-secc nominal
Neight 9.2 0z nominal
-riction torque TF 1.1 0z-in maximum
lipple torque Tr 7 percent maximum
viax winding temperature 150 °C maximum
rheoretical acceleration aM 11000 rad/sec’ maximum
Vo lpad speed WNL 597 rad/sec maximum
)C resistance Rm 24.5 ohms +12.5%
lolts @ peak torque Vp 40 voits nominal
Amps @ peak torque _ IP 1.63 amps rated

Electrical
sharacteristics (Cont'd.) Symbol Values Units Tolerance
Torque sensitivity KT 9.5 oz-infamp  +£10%

nductance~~ lm 6.5  millinenries+30%
ienerator
Characteristics Symbol Values Units Tolerance
)C resistance Rt 50 ohms +12.5%
nductance Lt 8.2 millihenries +30%
Joltage sensitivity KG 0.07 volts/rad/sec +10%
-oad resistance RL 100 K ohms minimum
lipple voltage Tr 7 percent maximum
otentiometer
sharacteristics Symbol Values Units Tolerance
“otal resistance Rr SK ohms +20%
-ffective electrical travel OA 320 degrees +5°
.inearity 5 percent maximum
ower rating 3 watts maximum
Although every effort has been made to ensure the accuracy of the information contained
within this brochure. the technical data and dimensions are subject to change without notice.
Slease contact us to verify all critical parameters.


