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SUMMARY 

This Phase (Phase I) of Contract No. DAAE07-83-Cr-R014 was divided 

into four main objectives: 

1. Analysis of data pertinent to the required dimensional measurements 

of the 6V53 engine and associated components. 

2. Preliminary design of a mobile automatic gauging (MAG) system 

to perform applicable measurements. 

3. Evaluation of key elements of the MAG system. 

4. Final design of the prototype MAG system. 

Data analysis consisted of determining each measurement's individual 

priority and then grouping them based upon commonality. The most advanta- 

geous gauging approach to the MAG system was then selected based upon the 

highest number of highest priority measurements which could be performed 

(and other criteria). It uses non-contact electronic sensors to make the 

measurements. 

A preliminary design of the MAG system was performed which included the 

non-contact electronic sensors for measuring a dimension, a robot system to 

move the sensors to the item to be measured and then to a reference standard, 

and the reference standard to transfer the dimensions to the main system 

computer. Key elements of the MAG system (computer, robot, sensors, 

reference standard) were evaluated through a combination of literature 

search, vendor visits, and in-house tests. A final design of the prototype 

MAG system,based upon the evaluation results, was developed and is presented 

at the end of this report. 
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1.0 INTRODUCTION 

The program described in this report was performed by GARD 

Division of Chamberlain National, 7501 N. Natchez Avenue, Niles, Illinois 

60648, for the U. S. Army Tank-Automotive Command, under Contract No. 

DAAE07-83-C-R014, and is directed toward the design and development of 

a prototype Depot-level automatic dimensional gauging system to perform 

representative dimensional measurements for the 6V53 engine. This report 

describes efforts expended during Phase I of this project: Engineering 

Analysis and System Design. 

The work was administrated under the direction of Army Project 

Engineer D. Adkins of TACOM-QAT, Warren, Michigan. The contractor's 

Project Engineer was M. J. Caines of GARD's Electronic Systems Depart- 

ment. 

This report covers work conducted during the period of March 1983 

to May 1984. It was originally submitted by the author in March, 1984. 

This project has been accomplished as part of the U. S. Army 

Materials Testing Technology Program, which has for its objective the 

timely establishment of testing techniques, procedures or prototype 

equipment (in mechanical, chemical, or nondestructive testing) to insure 

efficient inspection methods for materiel/material procured or maintained 

by DARCOM. 

U. S. Army Depots need a system which can automatically and accu- 

rately perform dimensional gauging of the 6V53 engine and its components. 

11 



The current dimensional gauging techniques used at RRAD are based upon 

the use of mechanical measuring devices such as micrometers, dial bore 

gauges, and feeler gauges. Though these devices perform the necessary 

measurements, they are subject to the inherent drawbacks of operator 

interpretation, need for frequent recalioration, mechanical wear, and 

the time needed to read and then transcribe the measurement manually. 

Potential gauging solutions to upgrading the current measurement tech- 

niques include a variety of approaches more suited to automation: 

video, laser, electronic, and video with a moving stage. 

GARD has been awarded a contract to develop such a system. The 

contract is divided into two Phases. The first Phase is analysis of 

the required measurements, evaluation of currently available gauging 

techniques, and a recommended system design for a prototype automatic 

gauging system. The second Phase of this project is design and 

construction of the prototype, installation of the prototype at Red 

River Army Depot (RRAD), training and support. 

This report presents Phase I results: background data analysis, 

gauging technique selection, the original conceptual design, the 

evaluation of the key components, and the evolved design of the proto- 

type automatic Depot-level gauging system for the 6V53 engine. 

12 



2.0 OBJECTIVE 

The objective of this program is to design and develop a prototype 

Depot-level automatic gauging system for use with 6V53 engine components. 

The scope of this phase of the program (Phase I of two Phases) 

included the analysis of component measurement requirements, commercially 

available capabilities, relevant gauging hardware, establishment of 

required operating characteristics, definition of practical system para- 

meters, laboratory design/testing of critical elements of the design 

approach, and a final system design which identifies the modular sub- 

system functional parameters. 

13 



3.0 CONCLUSION 

Results of prioritization and gauging technique analysis have 

determined that a robotically manipulated, non-contact electronic 

sensing system is the best solution to the Red River Army Depot needs 

for an automatic gauging system. Literature search, vendor visits, 

key element evaluation and testing have allowed the formulation of an 

applicable gauging system design. 

14 



4.0 RECOMMENDATION 

Based upon the results of this Phase of the Project, GARD recom- 

mends that Phase II (System Fabrication and Installation) should now be 

initiated to allow implementation of this prototype Mobile Automatic 

Gauging System for Red River Army Depot benefit. 

15 



5.0 DATA ANALYSIS 

To provide relevant data with which to make decisions as to 

what type of gauging system would be most effective for 6V53 engine gaug- 

ing requirements, several categories of data were analyzed: component 

measurement requirements, relevant commercially available gauging approaches 

and systems, commonality of implementation, and parametric ranking analysis. 

These were all used to choose the optimum gauging approach within the per- 

formance requirements of the final system. 

This section explains the methodology and results of these analyses. 

5.1 Data Collection Methodology 

Descriptions of the components and the tolerances to be considered 

during design of automatic gauging system were supplied by TACOM and are 

part of DMWR9-2815-205, "Overhaul Inspection Procedure", which contains 

information about component dimensional tolerances, reclamation instruc- 

tions and assembly procedures for select 6V53 engine components. TACOM 

divided the parts under consideration into assemblies (known as Appendix A). 

These are: 

t Block Assembly, Engine 

• Crankshaft Assembly, Engine 

• Rod Assembly, Connecting Piston 

t Piston Assembly, Engine 

t Sleeve, Cylinder Liner 

• Camshaft Assembly, Left and Right 

• Cylinder Head Assembly, Engine Block 

And miscellaneous small engine parts (known as Appendix B).      ' 

16 



To collect additional, and organize available information regarding the 

6V53 engine and components, an "Implementation Prioritization Data" form 

was designed. An example of this form is shown in Figure 5.1. This form 

was used by personnel at Red River Army Depot to collect the necessary 

additional information. Information regarding the meaning of the various 

data collected follows: 

Complexity/Ski 11 Level This is a two-part entry. The first part is a sub- 

jective opinion by a person familiar with a majority of the different measure- 

ments on the 6V53 engine, and is an opinion regarding the difficulty of 

performing the measurement correctly (1 = none, 2 = low, 3 = medium, 

4 = high, 5 = \/ery high). The second part is an estimate of the skill level 

required of the person making the measurement ( 1 = Mechanics Helper, 

2 = Sub-Journeyman, 3 = Journeyman). 

EXAMPLE: A visual inspection of a washer for large scratches 

could be entered as 

2/1 

Error Probability This information should be obtained from Quality Assurance 

records and shows the number of measurements of a characteristic found to be 

out of tolerance out of the number of checks made. 

EXAMPLE: Quality Assurance records show that 20 checks were made 

on the diameter of a bore and 3 were found to be out of 

tolerance. The entry would be 

3/20 

NOTE:   If records are not available, a probability estimate should 
be made by Quality Assurance personnel using the same format. 

17 
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Tests Performed. This information is extracted from the DMWR column en- 

titled "Number of Places" and reflects the number of times the same 

characteristic with the same reference is measured for each item. 

Performance Time. The time to complete the measurements for a measurement 

group (the group is the number of places (Tests Performed) the particular 

characteristic is measured per item). The information should be obtained 

first from time standards. If they are not available, then obtain the 

information from inspector's estimate. 

EXAMPLE: On the engine block the diameter of the top of the bore 

is measured in six places (as shown in the Tests Performed 

column) and each measurement takes 1 minute, the number 

entered on the data sheet is (6 tests) x (1 minute each) = 

6 min. 

NOTE:   The set-up time (if any) is not included in this entry 

because set-up time is more likely to be the set-up 

time for a group of measurements rather than for a 

single measurement. 

Groups Per Set-Up. The number of groups (of same reference and characteristic) 

inspected between set-up and breakdown of the inspection equipment used to 

measure the particular characteristic. If set-up and breakdown of inspection 

equipment is not applicable (for example,using a plug gauge) then use the 

number of pieces inspected at one time. 

EXAMPLE: If a fixture is set-up, then 26 group measurements are 

made before the fixture is disassembled, then enter 

26 

If an inspector is given a box of 100 washers to gauge 

using a plug gauge then enter 

100 

19 



Fabrication Criticalitv. This requires one entry for each characteristic 

measured on the item, and is a subjective estimate (1 = low, 2 = medium, 

3 = high), of that particular characteristic's contribution to the item's 

criticality. 

EXAMPLE: At the fabrication stage of the 6V53 engine, 2 cylinder 

head assemblies are rejected per week due to a particular 

characteristic of an item being out of tolerance. A 

subjective opinion of the characteristic's contribution 

is entered, such as 

3 

Performance Criticality. The individual characteristic's criticality 

entry is a subjective estimate of the characteristic's contribution to the 

performance failure of the item (1 = low, 2 = medium, 3 = high). 

EXAMPLE: During performance testing, 3 cylinder head assemblies fail 

per month due to a diameter being out of tolerance. Then 

for the characteristic,enter a subjective opinion of the 

characteristic's contribution to the failure such as 

2 

Inspection Volume. This is the production quantity for each item inspected 

per unit of time. There is only one entry for each item. 

EXAMPLE: An average of 500 pistons are measured in 6 months, the 

entry in the proper space in the Item Information column 

would be 

500/6 months 

20 



Fabrication Criticality. This is the number of items which were rejected 

during fabrication per period of time. 

EXAMPLE: At an engine fabrication station, an average of 25 engines 

were rejected because of an out of tolerance block in 1 

month. The fabrication criticality entry would be 

25/month 

Performance Criticality. This is the number of engines rejected per period 

of time due to an item failure (out of tolerance condition) as the engine is 

being performance tested. 

EXAMPLE: At the performance testing station, an average of 5 engines 

fail per month due to a defective (out of tolerance) cylinder 

head, the entry would be 

5/month 

NOTE:   All of the above entries reflect an AVERAGE value 

for an AVERAGE period of time. 

Set-Up Time. This shows much time is used to set-up (get ready) to take a 

particular measurement or group of measurement. The set-up time could be 

due to calibrating instruments, and positioning fixtures. There can be 

several different set-ups for each Item. 

EXAMPLE: A set-up is made to measure characteristic D through L 

(REF column) and the set-up time is 1 hour, then the 

following entry is made 

D-L/l hour 

A copy of the data received by GARD from RRAD is included in this 

report as Appendix A. 

21 



5.2 Implementation Prioritization 

Once the information about the 6V53 engine and components was collected, 

it was necessary to reduce this data into a prioritized listing of all the 

required measurements. 

The raw data was entered into a computerized data base management pro- 

gram. This computer program organized the data, and also performed necessary 

calculations to produce the prioritized listing of component measurements. 

Six categories were set up, and a numerical priority value was assigned to 

each. The six categories were: complexity/skill, error probability, per- 

formance time, test volume, fabrication criticality, and performance 

criticality. The individual derived priority values from these six cate- 

gories were then added together to produce a derived priority number for 

each item. 

The explanation of how the numerical values were derived follows: 

Complexity/Skill 

The Complexity value from the Implementation Prioritization Data (IPD) 

forms (from RRAD) is added to the Skill Level Value. In order to give equal 

weight to both the Complexity and Skill values, the Skill values (1,2,3) 

are translated to (1,3,5) to match the Complexity value range (1,2,3,4 and 5). 

The resultant value from the addition of the Complexity and Skill values 

is then divided by 10 (the maximum sum) to normalize, finally the answer is 

multiplied by the weighting factor (.09). 

The formula used is: 

(ComplexityMSkill) x (We1ght1ng Factor) 

22 



Error Probability 

This is the number of out-of-tolerance measurements divided by the 

number of measurements checked. The ratio is then multiplied by the 

weighting factor (.15) and divided by the maximum error rate value for 

normalization. 

The formula is: 

(# of measurements out of tolerance)x(Weighting Factor) 
(# of measurements checked) (maximum value)* 

Performance Time 

First the set-up time (from IPD form) is distributed among the total 

number of tests performed. Next the performance time per group is distri- 

buted among the number of tests. The sum of the two answers is added, 

normalized by dividing by the maximum value found among all characteristics 

(tests) from all items in Appendix A, and multiplied by the weighting factor 

(.14). 

The formula is: 

 (Setup Time)  . (Performance time per Group) (Weighting Factor) 
(# of tests)x(#of groups)        (# tests)        x 

(Maximum value)** 

Test Volume 

The Item Inspection Volume (from IPD form) is multiplied by the number 

of tests performed. Then, to normalize, it is divided by the maximum 

value found from all characteristics (tests) from all items in Appendix A. 

Finally the answer is multiplied by the weighting factor (.14). 

The formula is: 

(Item Inspection Volume)x(# Tests Performed)x(Weighting Factor) 
Maximum [(Item Inspection Volume)x(# Tests Performed)]*** 
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Fabrication Criticality 

Since the values are (1,2,3), the value on the IPD form is divided by 

3 to normalize. The answer is then multiplied by the weighting factor (.15). 

The formula is: 

(Fabrication Criticality)x(Weighting Factor) 
3 

Performance Criticality 

Since the values are (1,2,3), the value on the IPD form is divided by 

3 to normalize. The answer is then multiplied by the weighting factor (.33). 

The formula is: 

(Performance Criticality)x(Weighting Factor) 
3 

Derived Priority 

The Derived Priority is found by summing all of the previous normalized 

and weighted factors, then multiplied by 100 to put it in a format compatible 

with the computer program. 

The formula is: 

Derived Priority - (Complexity/Skill)+(Error Probability)+ 
(Performance Time)+(Test Volume)+ 
(Fabrication Criticality)+(Performance Criticality) 

The highest priority test is that with the highest numerical value. 

NORMALIZING FACTORS 

* 1/22 (maximum error rate from IPD form) 

** 175 (maximum inspection time from IPD form) 

*** 3960 (maximum number of individual tests performed 
per month from IPD form) 
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Weighting Factors 

The weighting factors used (for each category) were those originally 

agreed upon by RRAD, TACOM, and GARD at the project kickoff meeting. 

Later discussions between RRAD, TACOM, and GARD confirmed that the 

original weighting factors would be retained. 

The listing of all of the derived priority values for all of the appli- 

cable items (155) are shown in Table 5.1. All of the derived priority 

values were summed to provide a total derived priority value (8,064). The 

individual derived priority value was later used to produce a percentage of 

total priority value for each candidate gauging technique. 

5.3 Commonality Analysis 

Before determining which of the candidate gauging techniques could be 

used to perform the largest number of highest priority required measurements, 

a set of conceptual gauging systems had to be created. These gauging system 

concepts were based upon devices and techniques which were commercially 

available. Once these conceptual gauging systems were defined it could 

then be determined which system or systems could be used to perform a specific 

measurement. 

First, a description of the various conceptual gauging approaches is 

presented, then a measurement commonality analysis for the gauging approaches, 

then a gauging approach critical factors comparison and ranking analysis, 

and finally, a discussion of the results and a configuration recommendation. 
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05/05/83 
Sorted by: 30.30 

Table 5.1 

Normalized t Height«! Iipleientation Prioritization Table 

6ARD,tnc, 
Page No.     1 

Apdx.   REF 

C 
A 

A 
B 
A 
A 
B 
A 

3-80b 
A 

Itei 

NasherThrust,Idler 
Hasher,Thrust 

Hasher, StarterAn. 

Hasher,StarterPin. 

LeverAssijStarter 

LeverAssi,Starter 

Shaft,ShiftLever 

Bushing.Bearing 

GearAssi,Idler 

BearAssi,Idler 

Ariature,Starter 

Ariature,Starter 

Anature, Starter 
Block Assi. 
Block Assi. 

HasherThrust,C'Sft 
Hub,Blo*erDr6ear 
Hasher,Thrust,BIDr 
Nub,Fuel Puip 

Lever Assa,St arter 
Support,BloaerDr. 
Hub,BlonerDr6ear 
Block Assi. 

ShaftAssi.RkrAn 
Hub,BloHerDr6ear 
6earAssi,ldler 

Bearing Sleeve 

Hasher,Thrust 
An Assi,Valve Rkr 

Ar« Assi,Valve Rkr 
Bushing,Sleeve 

Fraie Assi,CoiEnd 
Fraie Assi,CoiEnd 

Drive,StarterPin. 
Block Assi. 

6ear,Tiiing,C'Shft 
BearAssi,FuelPuip 
6earAssi,FuelPuip 
Hasher, StarterAn. 
Drive,StarterPin. 
Brive,StarterPin. 
Shaft,ShiftLever 
Bushing,Bearing 
Bushing,Bearing 
Bear,Helix,BIDr 

Asseibly of Engine 
Bear,Tiling,C'Shft 

HasherThrust,Idler 
BearHelical,C'Sft 
6earHelical,C'Sft 

BearHelical,C'Sft 
BearHelical.C'Sft 

Characteristic 

Surface Condition 

Surface Condition 

Surface Condition 

Surface Condition 

Surface Condition 

Itei Condition 

Surface Condition 

Surface Condition 

Surface Condition 

Surface Condition 

Diaieter 

Diaieter 

Depth 

Flatness 

Flatness 

Surface Condition 
Condition of Serr. 
Surface Condition 
Surface Condition 
Diaieter 
Surface Condition 
Surface Condition 
Flatness of C'Bore 
Surface Condition 
Diaieter 

BearTeethCondition 
Surface Condition 

Surface Condition 
Surface Condition 

Surface Condition 
Surface Condition 
Surface Condition 
Surface Condition 

Surface Condition 
Taper of Bore 

BearTeethCondition 
Surface Condition 

BearTeethCondition 
Thickness 
Diaieter 
Condition of Teeth 
Diaieter 
Diaieter 
Diaieter 
Gear Teeth Cond. 
Backlash 
Diaieter 
Thickness 

Surface Condition 
Surface Condition 

BearTeethCondition 
BearTeethCondition 

Hethod of 
Inspection 

Visual 

Visual 

Visual 

Visual 

Visual 

Visual 
Visual 
Visual 

Visual 
Visual 

Dial Snap Gauge 

Snap Gauge 

Depth Gauge 

StrtedgeltFeeler 
StrtedgeSFeeler 
Visual 
Visual 
Visual 
Visual 
Plug Sauge 
Visual 
Visual 
Depth Bore Sauge 
Visual 

Dial Bore Bauge 
Visual 

Visual 

Visual 
Visual 

Visual 
Visual 

Visual 
Visual 
Visual 

Dial Bore 6auge 
Visual 
Visual 
Visual 
Snap Bauge 
Dial Bore Bauge 
Visual 

Dial Snap 6auge 
Dial Bore Sauge 
Dial Snap 6auge 
Visual 
Dial Indicator 
Dial Bore Bauge 
Dial Snap Bauge 
Visual 
Visual 
Visual 
Visual 

Cph/ Error Perf. Test Fab. Perf.   DERIVED 
Skill Prob. Tiie Volute Crit. Crit. PRI0RITYU100) 

.027 

.036 

.034 

.036 

.036 

.036 

.036 

.036 

.027 

.027 

.054 

.054 

.054 

.072 .0152 

.072 .0152 

.027 

.036 

.036 

.045 

.045 

.045 

.054 

.045 

.045 

.045 

.045 

.054 

.045 

.054 

.054 

.054 

.045 

.054 

.054 

.054 

.054 

.054 

.054 

.054 

.081 .0152 

.036   .0 

.063 

.027 

.063 

.036 

.045 

.045 

.036 

.036 

.036 

.036 
.09 .0050 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0 

.0016 
.002 

.0016 

■ 000B 
.0016 

.0016 

.0016 

.0016 

.0016 

.0016 

.002 

.002 
.0042 
.0016 
.0016 
.0016 
.0016 
.0016 
.002 
.002 

.0016 

.0016 

.0021 

.0016 
.002 
.0016 
.0016 
.0016 
.0016 
.0016 
.0016 
.0016 
.0016 
.0016 
.0014 
.0032 
.0008 
.0016 
.002 
.0023 
.0016 
.002 

.0024 
.002 

.0016 

.0048 

.0043 

.0024 

.0016 

.0016 

.0016 

.0016 

.0044 

.0076 

.0035 

.0084 

.0035 

.0035 

.0035 

.0035 

.0044 

.0044 

.0063 

.0063 

.0063 

.0076 

.0076 

.0045 

.0041 

.0041 

.0038 

.0035 

.0041 

.0041 

.0229 

.0233 

.0041 

.0044 

.0233 

.0077 

.0466 

.0466 

.0035 

.0035 

.0035 

.0035 

.0687 

.0042 

.0076 

.0038 

.0035 

.0035 

.0035 

.0035 

.0035 

.0035 
.0041 
.0038 
.0042 
.0044 
.0044 
.0044 
.0044 
.0044 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.05 

.1 

.1 

.1 

.1 

.1 

.1 

.1 
.05 
.05 
.05 
.05 
.05 
.05 
.05 
.1 
.05 
.05 
.1 

.05 

.1 
.05 
.05 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.22 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.22 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.22 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

.33 

30.30 
31.56 
31.11 

31.53 

31.11 
31.11 

31.11 

31.11 

35.30 

35.30 

38.24 
38.24 

38,46 
41.65 
41.65 
41.32 
42.18 
42.18 
43.08 
43.05 
43.08 
43.98 
44.14 
44.09 
44.92 
46.30 
46.79 
47.54 
47.33 
47.33 
47.11 
47.11 
47.11 
47.11 
48.52 
48.24 
4B.34 
48.04 
48.05 
48.99 
48.01 
48.95 
4B.99 
48.95 
48.08 
49.27 
49.26 
49.08 
49.00 
49.00 
49.00 
49.00 
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05/05/83 
Sorted by: 49.99 

Table 5.1 (continued) 

Nonalized It Heiqhted Iipleientation Prioritization Table 

6ARD.Inc. 
Page No.  2 

Apd«. REF 

G 
«F 
A 
B 
A 
C 
D 
A 
A 
A 
A 
C 
Q 
»C 
*D 
D 
A 
A 
A 

75d 

It» 

An Assi, 
An Assi. 

6earAssi,FuelPuip 
Hub,Fuel Puip 
Hasher,Thrust 
Fraie Assi,CoiEnd 
dasher.StarterPin. 
Hasher,Thrust,BIDr 
Cylinder Head Asst 
Cylinder Head Assi 
Cylinder Head Assi 
Anature,St arter 
Bear,Helix,BIDr 
Crankshaft Assi. 
Asseibly of Engine 
BearAssi,Idler 
Hub,Idler Bear 
BhaftAssi.RkrAn 
An Assi. 
An Assi,Valve Rkr 
An As5i,Valve Rkr 
Piston Assi 
Piston Assi 
SIeeve,Cyl. Liner 
Sleeve,Cyl.Liner 
Caishaft Assi.Left 
Caishaft Assi,Rght 
Cylinder Head Assi 
Cylinder Head Assi 
Bearing Sleeve 
Bui de,Poppet Valve 
Housing,Starter 
Bushing,Sleeve 
Ariature,Starter 
Crankshaft Assi. 
HasherThrust,C'Sft 
Hub,Idler Bear 
Hasher,Thrust 
Folloner Assi. 
Follower Assi. 
An Assi,Valve Rkr 
An Assi,Valve Rkr 
Bushing,Sleeve 
Ar lature,Starter 
Arlature,Starter 
Block Assi. 
Crankshaft Assi. 
Crankshaft Assi. 
Rod Assi,Piston 
Pin,Piston 

6earHelical,C'Sft 
BearHelical,C'Sft 

Characteristic 

Surface Condition 
Surface Condition 
Diaieter 
Diaieter 
Thickness 
Di aieter 
Thickness 
Thickness 
Leakage 
Flatness 
Flatness 
Runout 
Diaieter 
Diaieter 
End Play 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Surface Condition 
Surface Condition 
Surface Condition 
Surface Condition 
Surface Condition 
Surface Condition 
Diaieter 
Diaieter 
Surface Condition 
Thickness 
Diaieter 
Surface Condition 
Diaieter 
Diaieter 
SplineTeethCond. 
Surface Finish 
Thickness 
Surface Condition 
Thickness 
DiaietricClearance 
Clearance, Side 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Roundness 
Taper 

Physical Condition 
Di aieter 
Diaieter 
Diaieter 

Method of 
Inspection . 

Visual 
Visual 
Dial Bore 6auge 
Dial Snap Gauge 
Snap Gauge 
Dial Bore Gauge 
Snap 6auge 
Dial Snap 6auge 
Pressure Test 
StrghtedgelFeeler 
StrghtedgetFeeler 
Surf PlateW-Block 
Dial Snap Gauge 

Hicroieter 

Dial Indicator 
Dial Bore Gauge 

Dial Snap Gauge 
Dial Snap Gauge 
Dial Bore Bauge 

Visual 
Visual 
Visual 
Visual 
Visual 
Visual 

Hicroieter 
Hicroieter 
Visual 
Hicroieter 
Dial Bore Gauge 
Visual 
Dial Bore Bauge 
Dial Snap Gauge 
Visual 
Surface Analyzer 
Dial Snap Gauge 
Visual 
Dial Snap Bauge 
Feeler Gauge 
Feeler Bauge 
Dial Bore Bauge 
Dial Bore Bauge 
Dial Bore Gauge 
Dial Snap Gauge 
Dial Snap Bauge 
Dial Bore 6auge 
Hicroieter 
Hicroieter 
Visual 
Dial Snap Gauge 

Dial Bore Gauge 
Dial Bore Bauge 

Cph/    Error   Perf.   Test    Fab.   Perf.       DERIVED 
Skill    Prob.   Tiie   Voluie   Crit. Crit.   PRIORITYMOO) 

.045 
.045 

.054 

.054 

.054 
.054 
.054 

.054 
.09 

.072   .0074 
.072   .0049 
.063 

.072 

.081 

.072 
.081 

.081 
.054 

.054 
.045 

.045 

.054 .0228 

.054 .0228 

.054 .0228 

.054 .0228 

.081 .0 

.081 .0 

.072 .0083 

.081 .0599 

.081 .0 

.063 

.045 

.045 

.045 

.063 

.054 

.054 

.054 

.0B1 .0077 

.054 .0 

.027 .1318 

.054 .0 

.045 .0 

.054 .0416 

.063 .0 

.0B1 .0152 
.09 .0044 
.09 .0088 
.072 .0249 
.072 .0228 
.063 .0 
.063 .0 

.0016 

.0016 

.0043 
.004 
.004 

.0044 
.002 
.002 
.0294 
.0016 
.0016 
.0056 
.0023 
.0008 
.0048 
.0043 
.004 
.004 
.0040 
.0016 
.0016 
.0024 
.0024 
.0016 
.0016 
.0128 
.0128 
.0016 
.0016 
.0040 
.0016 
.0024 
.0023 
.0016 
.0011 
.0016 
.0016 
.002 
.0016 
.0016 
.0040 
.0040 
.0043 
.002 
.002 

.0016 

.0008 

.0008 

.0022 

.0016 

.0043 

.0043 

.0233 

.0233 

.0038 

.0038 

.0038 

.0035 

.0042 

.0041 

.0077 

.0466 

.0466 

.0063 

.0041 

.0004 

.003B 

.0044 

.0044 

.0233 

.0233 

.0466 

.0466 

.0254 

.0254 

.0254 

.0254 

.0077 

.0077 
.07 

.0077 

.0233 

.0933 

.0035 

.0035 

.0063 

.0262 

.0045 

.0044 

.0077 
.07 
.07 

.0466 

.0466 

.0035 

.0063 

.0063 

.0305 

.0262 

.0262 

.0233 

.0254 

.0044 

.0044 

.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.05 
.05 
.05 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 
.1 

.05 

.05 
.1 
.05 
.15 
.15 
.15 
.1 

.15 

.05 

.15 
.1 

.05 
.1 
.1 
.15 
.15 
.15 
.1 
.1 
.1 
.1 
.1 
.15 
.15 

.33 49.99 

.33 49.99 

.33 49.22 

.33 49.18 
.33 49.18 

.33 49.19 

.33 49.02 

.33 49.02 

.33 50.72 
.33 50.78 
.33 50.53 

.33 50.50 

.33 50.85 

.33 51.22 

.33 51.07 

.33 51.97 

.33 51.94 
.33 51.13 
.33 51.14 

.33 52.33 

.33 52.33 
.33 53.47 
.33 53.47 
.33 53.39 

.33 53.39 

.33 53.16 
.33 53.16 
.33 53.19 
.33 53.03 
.33 53.84 
.33 53.79 

.33 53.09 

.33 53.09 

.33 53.30 
.33 54.62 
.33 54.02 
.33 54.49 

.33 54.38 

.33 54.66 
.33 54.72 
.33 54.37 
.33 54.37 

.33 54.19 

.33 54.24 

.33 54.24 

.33 55.84 

.33 55.15 

.33 55.60 

.33 55.25 

.33 55.19 

.33 55.17 

.33 55.17 
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05/05/B3 

Sorted by: 56.04 

Table 5.1 (continued) 

Normalized l< Weighted Iipleientation Prioritization Table 

BARD,Inc. 
Page No.     3 

ftp dx. REF Itei Characteristic Method of Cplx/ Error Perf. Test Fab. Perf. DERIVED 
Inspection Skill Prob. Tiie Voluie Crit. Crit. PRI0RITVU 

A A Rod Assi,Piston Diaieter Dial Bore Gauge .OBI .0249 .0010 .0233 .1 .33 56.04 A 8 Rod Assi,Piston Diaieter Dial Bore 6auge .081 .0249 .0010 .0233 .1 .33 56.04 A A Piston Assi Diaieter Nicroieter -.081 .0228 .0012 .0254 .1 .33 56.06 A E Piston Assi Surface Condition Visual t Feeler .063 .0457 .004 .0254 .1 .33 56.82 A A SIeeve,Cyl.Liner Diaieter Nicroieter .081 .0228 .0016 .0254 .1 .33 56.09 A B Sleeve,Cyl.Liner Diaieter Dial Bore Gauge .081 .0228 .0016 .0254 .1 .33 56.10 A 

B 
3-76b Asseibly of Engine Depth Depth Gauge .081 .0249 .0018 .0233 .1 .33 56.12 B Foil oner Assi. Diaieter Dial Snap Gauge .063 .0 .004 .07 .1 .33 56.70 A E Crankshaft Assi. Runout Surf PlatiV-Block .09 .0 .0034 .0008 .15 .33 57.43 A K Crankshaft Assi. Radius Radius Gauge .09 .0044 .0008 .0525 .1 .33 57.79 A C Rod Assi,Piston Length Surface Plate .09 .0249 .0035 .0233 .1 .33 57,19 B A Foil oner Assi. Diaieter Dial Snap Bauge .063 ■ 00B3 .004 .07 .1 .33 57.53 B H Anature,St arter Surface Condition Visual .045 .0915 .0016 .0063 .1 .33 57.45 A J Block Assi. Diaieter Dial Bore Gauge .081 .0076 .0020 .0152 .15 .33 58.60 A 

A 
L Block Assi. Diaieter Dial Bore Gauge .072 .0152 .0016 .0152 .15 .33 58.42 D Sleeve,Cyl.Liner Taper Dial Bore 6auge .081 .0457 .0024 .0254 .1 .33 58.47 A A Caishaft Assi,Left Diaieter Nicroieter .081 .0374 .0032 .0311 .1 .33 58.28 A C Caishaft Assi.Left Runout Vee Block,Surf Pit .081 .0 .0095 .0155 .15 .33 58.61 A A Caishaft Assi,Rght Diaieter Nicroieter .081 .0374 .0032 .0311 .1 .33 58.28 A C Caishaft Assi,Rght Runout Surf PlatelV-Block .081 .0 .0095 .0155 .15 .33 58.61 B B Exhaust Valve Surface Condition Visual .063 .0 .0016 .0933 .1 .33 58.79 B C Exhaust Valve Surface Condition Visual .063 .0 .0016 .0933 .1 .33 58.79 A E Block Assi. Diaieter Bial Bore Gauge .081 .0101 .0015 .0229 .15 .33 59.56 A F Block Assi. Diaieter Dial Bore 6auge .081 .0101 .0015 .0229 .15 .33 59.56 A K Block Assi. Diaieter Bial Bore Gauge .072 .022B .0016 .0152 .15 .33 59.18 A N Block Assi. Depth of C'Bore Depth Gauge .063 .0254 .0021 .0229 .15 .33 59.35 A E Rod Assi,Piston Straightness Surface Plate .09 .0499 .0035 .0233 .1 .33 59.68 A B Piston Assi Diaieter Dial Bore Gauge .081 .0343 .0013 .0509 .1 .33 59.76 A D Block Assi. Diaieter Bial Bore 6auge .081 .0152 .0015 .0229 .15 .33 60.07 A P Block Assi. Diaieter of C'Bore Dial Bore Gauge .081 .0152 .0021 .0229 .15 .33 60.14 A C Sleeve,Cyl.Liner Roundness Dial Bore Gauge .081 .0686 .0024 .0254 .1 .33 60.76 B B Exhaust Valve Thickness Scale .081 .0 .0040 .0933 .1 .33 60.83 A «B Crankshaft Assi. Diaieter Nicroieter .09 .0310 .0008 .0112 .15 .33 61.31 A H Crankshaft Assi. Surface Condition Visual .072 .1047 .0008 .0033 .1 .33 61.09 B E Folloxer Assi. Surface Condition Visual .045 .0 .0008 .14 .1 .33 61.58 B A Exhaust Valve Diaieter Dial Snap Gauge .081 .0124 .004 .0933 .1 .33 62.08 B E Exhaust Valve Itei Condition Visual .081 .0187 .0016 .0933 .1 .33 62.47 B A Buide,Poppet Valve Diaieter Dial Bore 6auge .081 .0124 .0040 .0933 .1 .33 62.08 B B Support,BlONerDr. Diaieter Dial Bore Gauge .045 .1396 .0043 .0041 .1 .33 62.32 A H Block Assi. Roundness of Bore Dial Bore Gauge .081 .0050 .0014 .0687 .15 .33 63.62 A »A Crankshaft Assi. Diaieter Nicroieter .09 .0465 .0008 .0150 .15 .33 63.24 A D Caishaft Assi,Left Surface Condition Visual .072 .0267 .0008 .1088 .1 .33 63.85 A D Caishaft Assi,Rght Surface Condition Visual .072 .0267 .0008 .1088 .1 .33 63.85 A E Cylinder Head Assi Diaieter of CaiFol Plug Gauge .081 .0066 .0016 .07 .15 .33 63.93 A 3-74b Asseibly of Engine Fit Nicroieter 1 DBG .09 0468 .0012 .0622 .1 .33 63.03 A J Crankshaft Assi. Surface Condition Visual .072 .1396 .0008 .0008 .1 .33 64.33 A 3-91d Asseibly of Engine Backlash Hardness Tester .054 1498 0048 0038 .1 .33 64,25 B I Anature, Starter ShortsfcSrounds Electrical .063 .0915 .0044 .0063 .15 .33 64.54 A D Cylinder Head Assi Diaieter of C'Bore Dial Bore Gauge .081 0037 0016 0933 .15 .33 65.97 A 3-91c4 Asseibly of Engine Concentricity Dividing Head .063 1498 0064 0038 .1 .33 65.31 A A Block Assi. Leakage Pressure Test .09 .0 .14 0000 .15 .33 71.01 
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Table 5.1 (continued) 

Normalized I Neighted Upleientation Prioritization Table 
05/05/83 6ARD,Inc. 
Sorted by: Pa°e No- 4 

Apdx. REF       Itei      Characteristic    Hethod o<    Cph/ Error Per*. Test Fab. Per*.   DERIVED 
Inspection    Skill Prob. Tiie Voluie Crit. Crit. PRIORITYfXlOO) 

8063.60 

RECORDS SELECTED  155 
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5.3.1 Preliminary Conceptual Gauging Systems 

The capabilities of the preliminary conceptual gauging systems were 

based upon literature searches of current applicable technology, discussions 

with vendors, and demonstration of various techniques. This information was 

reduced to five generic gauging approaches: Electronic, Video, Video with 

Moving Stage, Laser, and Surface. A more detailed description of each 

conceptual gauging system follows. 

Conceptual Automatic Gauging System - Electronic 

System Description - The system is based upon using electronic precision 

measuring devices in conjunction with a robotic movement system.  In 

practice the part to be measured is placed in position on a work table and 

the robot arm then moves the precision measuring device to the correct place 

on the part to obtain the dimension required. 

Primary Gauging Sensor - Electronic gauges such as bore gauges, O.D. gauges, 

depth gauges, and LVDT's. 

Movements Required - Sensor Only 

Method(s) of Movement(s) - Robot 

Part Fixturing - The part would be stationary on a magnetic holding table. 

Programming Requi rements: 

To perform measurement - not required 

To move sensor - yes (robot) 

To move part - not required 

To store measurement - yes 
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Risk - Low, proven technology. 

Adaptability - High, due to versatility of robot motions. 

Automation Feasibility - High, due to ease of programming required motions. 

Relative Estimated System Cost - .54 (not including development cost). 

Estimated Weight - Approximately 800 lbs. 

Comments - This conceptual gauging system has the required precision needed 

to gauge the required dimensions on the 6V53 engine,since it 

uses precision discrete electronic gauging devices. However, 

a specific gauging device is required for each measurement made. 

These gauging devices are relatively low cost when compared to 

other precision gauging instruments. An advantage of this 

system is that special part handling fixtures are not required 

because of the versatility of motions available to the robot arm. 

Conceptual Automatic Gauging System - Video 

System Description - This system is based upon a video camera which is 

moved to the proper position relative to the part before the measurement is 

acquired. In some cases it may be necessary to also move the part being 

gauged due to a more limited number of motions available to the video camera 

movement system. 

Primary Gauging Sensor - Video Camera 

Movements Required - Sensor and part 

Method(s) of Movement(s) - Dedicated motorized fixtures. (Note: robotic 

system movements are currently not accurate 

enough for use with this video system.) 

Part Fixturing - Special motorized and static fixtures. 
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Programming Requirements: 

To perform measurement - Yes 

To move sensor - Yes 

To move part - Yes 

To store measurement - Yes 

Risk - Medium, this conceptual system has been somewhat implemented in 

industry. 

Adaptability - Medium, a new part geometry may require a special fixture to 

handle that part. 

Automation Feasibility - Medium, parts must be handled with more input 

from the operator. 

Estimated Weight - Approximately 1,500 lbs. 

Relative Estimated System Cost - .80 (not including development cost) 

Comments - This system, while potentially very  useful, has the serious 

drawback of not being able to easily measure inside diameters 

below a surface. Since a number of measurements on the 6V53 

engine require inside diameters, tapers, and concentricity 

measurements, a method would have to be developed to adapt 

this system to those measurements. 

Conceptual Automatic Gauging System - Video Stage 

System Description - This system is based upon a video camera and a 

precision motorized stage. The part to be measured would be accurately 

located upon the stage and the video camera used as a edge finder 

(i.e.,"touch probe")for the system. The precision dimension measurement 

would be obtained through the stage itself rather than through the video 

camera. 
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Primary Gauging Sensor - Video camera/precision stage 

Movements Required - Part only 

Method(s) of Movement(s) - Motorized precision stage and fixtures 

Part Fixturing - Mechanical fixtures attached to the stage and special 

motorized fixtures for items with measurements on more 

than one plane. 

Programming Requirements: 

To perform measurements - Yes 

To move sensor - Not required 

To move part - Yes 

To store measurement - Yes 

Risk - Medium/low, there are several commercially available, potentially 

applicable systems available. 

Adaptability - Medium/high, if part size does not exceed the maximum capacity 

of the system; the system can be reprogrammed for the part. 

In some cases a new part would also require a new special 

fixture. 

Automation Feasibility - High, since both the stage movement and any 

special fixture movement can be programmed. 

Estimated Weight - Approximately 2500 lbs. 

Relative Estimated System Cost - 1.0 (not including development cost) 

Comments - Of the two video gauging systems this is potentially the 

more useful since much of the design has been done 

commercially. However, for normal commercial applications the 

parts tend to be small and have the required measurement surfaces 

in one plane. To use this for the 6V53 engine program,special 

fixtures would be required to position the part with reference 

to the video camera. Also, below surface measurements would be 

difficult. 
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Conceptual Automatic Gauging System - Laser 

System Description - This system is based upon a laser profile gauge 

and a precision parts handling fixture. The part to be gauged is first 

placed into a fixture and is then moved by the fixture into the field of 

view of the laser. The required dimension is obtained by converting the 

shadow of the part to dimensional information. 

Primary Gauging Sensor - Laser 

Movement(s) Required - Part only 

Method(s) of Movement(s) - Motorized precision fixtures 

Part Fixturing - Special motorized and static fixtures 

Programming Requirements: 

To perform measurement - Not required 

To move sensor - Not required 

To move part - Yes 

To store measurement - Yes 

Risk - Low, current commercial system use of lasers for profile 

measurements. 

Adaptability - Low/med, while this system could be used to perform measure- 

ments within its field of view, it can not be used for non- 

profile type of measurements. 

Automation Feasibility - Low/med., because this type of system is \/ery 

dependent upon part geometry and complicated 

part handling systems. 

Estimated Weight - Approximately 1,300 lbs. 
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Relative Estimated System Cost - .66 (not including development cost) 

Comments - This conceptual system is more oriented toward a specific part 

geometry and is more suitable for a production line situation. 

Conceptual Automatic Gauging System - Surface 

System Description - This system is based upon a technique of "looking" 

at a surface with a video camera. The system records the image of the sur- 

face and then the image is analyzed and compared to a known good value. The 

known good value is determined either by examining a good part or by compari- 

son to an image of a good part in memory. A tolerance or deviation from the 

good image is then used so the system can make a decision regarding the 

quality of the inspected surface. 

Primary Gauging Sensor - Video camera 

Movement(s) Required - Sensor only 

Method(s) of Movement(s) - Robot 

Part Fixturing - The part would be stationary on a magnetic table. 

Programming Requirements: 

To perform measurement - Yes 

To move sensor - Yes (robot) 

To move part - Not required 

To store measurement - Yes 

Risk - Low, this method of making surface quality judgements is in commercial 

use. 

Adaptability - High, the system is not part geometry dependent. 

Automation Feasibility - High, since this is a non-contact high speed method. 
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Estimated Weight - Approximately 700 lbs. 

Relative Estimated System Cost - .48 (not including development cost) 

Comments - This is a system which would be used where visual inspection 

is called for. It is estimated to be used for judging surface 

quality rather than to make actual surface finish measurements. 

5.3.2 Commonality Assignment 

After the preliminary conceptual gauging systems and their estimated 

capabilities were defined, the next step was to go through each prioritized 

measurement and assign the applicable gauging approach (or approaches) 

which could be used to perform that particular measurement. Tables 5.2 

through 5.7 show the results of the assignments. Each table lists all the 

prioritized measurements which can be performed with a specific gauging 

approach (and any other applicable approach). 

An explanation of the column headings on the Commonality Analysis forms 

follow: 

Apdx: Refers to which "Appendix" the item was found in. 

REF:  Refers to a particular entry in the DMWR. 

Item: Part name. 

Characterisite: Measurement to be made. 

Method of Inspection: The inspection method currently specified 

in the DMWR. 

Gauging Approach: 

V - Video includes all video methods such as one camera, 

two camera. 

S - Video Stage includes video methods where the measurement 

is obtained from the movement of a stage or mechanical device. 
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F - Electronic includes electronic gauges such as depth, 

ID, OD, LVDT, capacitance, etc. 

L - Laser includes laser gauges, primarily laser profile gauges 

and laser gauges for flatness. 

S - Surface Instrument includes instruments to measure surface 

finish, and roughness. 

0 - Other includes methods to measure pressure, hardness, etc. 

(a generic category included to cover various measurements 

obviously inapplicable to the automatic gauging concept being 

developed herein, but needed to provide an overview of their 

relative significance to the inspection application). 

5.3.3 Ranking Analysis 

Analysis of Tables 5.2 to 5.7 by TACOM, RRAD, and GARD resulted in the 

conclusion that all Depot measurements which currently use "Visual" and 

"Other" techniques should be removed from the data base to better reflect 

automatic gauging concept commonality and ultimate use. This change made 

it necessary to recalculate the numerical values which are used to determine 

individual weighted measurement priorities. A new Normalized and Weighted 

Implementation Prioritization Table which reflects these changes was gen- 

erated. Tables 5.8 and 5.9 show the results. 

The gauging technique Commonality Analysis also required re-doing. 

This analysis provided a new Total Priority value for each applicable gaug- 

ing technique. The computer printouts from the new Commonality Analysis 

and Prioritization Table are included as Tables 5.10 to 5.14. The change 

in results due to the data base change is summarized below. 
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TOTALS 

# Measurements 

With Visual & Other 
(old data base) 

155 

Without Visual & Other 
(new data base) 

95 

Percent Change -39 

Total Priority Value 

8064 

5241 

-35 

INDIVIDUAL VALUES (New Data Base) 

Technique 

Video 

Video-Stage 

Electronic 

Laser 

Surface 

Since the re-analysis shows that the Surface measurement technique now 

accounts for only 1 percent of the total priority, it was not considered 

in the next analysis. 

#Measurements Pri ority Val ue 
Percent 

Total Priority 

48 2632 49.5 

48 2632 49.5 

94 5203 97.9 

49 2647 49.8 

1 55 1.0 
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Table 5.2   Video 

CoHonality Analysis 
05/13 /B3 6ARD,Inc 
Sorted by: 30.30 Page No.     1 

Apdx .   REF Itei Characteristic Method of Bauging Approach Derived Record 
Inspection  ■ VSELSO 

A 
n xx 

Priority Nuiber 

B B HasherThrust,Idler Surface Condition Visual 30.30 206 
B B Hasher, Start er An. Surface Condition Visual XX 31.11 264 
B B LeverAssi,Starter Surface Condition Visual XX 31.11 271 
B C LeverAssi,Starter Itei Condition Visual XX 31.11 272 
8 B ShaH,Shi »Lever Surface Condition Visual XX XX 31.11 274 
B C Bushing,Bearing Surface Condition Visual XX XX 31.11 277 
B B Hasher,St arterPin. Surface Condition Visual XX 31.53 269 
B B Hasher,Thrust Surface Condition Visual XX XX 31.56 246 
B B BearAssi,Idler Surface Condition Visual XX XX 35.30 200 
B D BearAssi,Idler Surface Condition Visual XX XX 35.30 202 
B B Anature, Starter Diaieter Dial Snap Eauge xxxx 38.24 255 
B D Arlature,Starter Diaieter Snap Bauge xxxx 38.24 257 
B B HasherThrust,C'Sft Surface Condition Visual XX XX 41.32 198 
B C Hub,BlonerBrBear Condition of Serr. Visual XX 42.18 2B3 
B B Hasher,Thrust,BIDr Surface Condition Visual XX XX 42. IB 287 
B A LeverAssi,Starter Diaieter Plug Sauge XXX 43.05 270 
B B Hub,Fuel Puip Surface Condition Visual xxxx 43.08 36 
B A Support,Blotter Dr. Surface Condition Visual XX XX 43.08 278 
B B Hub,Blo»erDrBear Surface Condition Visual XX XX 43.9B 282 
B B ShaftAs5i,RkrAri Surface Condition Visual XX XX 44.09 237 
B A Hub,BloHerDr6ear Diaieter Dial Bore 6auge xxxx 44.92 281 
B C SearAssi,Idler BearTeethCondition Visual XX 46.30 201 
B B Bearing Sleeve Surface Condition Visual XX XX 46.79 209 
B C Bushing,Sleeve Surface Condition Visual XX XX 47.11 250 
B B Fraie Assi.CoiEnd Surface Condition Visual XX XX 47.11 252 
B C Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 253 
B C Drive.StarterPin. Surface Condition Visual XX 47.11 267 
B C Ari Assi,Valve Rkr Surface Condition Visual XX XX 47.33 234 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 235 
B B Hasher,Thrust Surface Condition Visual XX XX 47.54 217 
B B Drive,StarterPin. Condition of Teeth Visual XX 48.01 266 
B C 6earAssi,FuelPuip BearTeethCondition Visual XX XX 46.04 243 
B A Bear,Helix,BIDr Bear Teeth Cond. Visual XX 48.08 284 
B B 6ear,Tiling,C'Shft BearTeethCondition Visual xxxx 4B.24 196 
B B BearAssi,FuelPuip Surface Condition Visual XX XX 48.34 242 
B A Shaft,ShiftLever Diaieter Dial Snap Gauge xxxx 48.95 273 
B B Bushing,Bearing Diaieter Dial Snap Gauge xxxx 48.95 276 
B B BearHelical.C'Sft Surface Condition Visual XX XX 49.00 212 
B B 6earHelical,C'Sft Surface Condition Visual XX XX 49.00 213 
B C BearHelical.C'Sft BearTeethCondition Visual XX 49.00 214 
B C GearHelical,C'Sft BearTeethCondition Visual XX 49.00 215 
B A Hub,Fuel Puip Diaieter Dial Snap Gauge xxxx 49.18 244 
B A Fraie Assi.CoiEnd Diaieter Dial Bore Gauge XXX 49.19 251 
B A Bear,Tiling,C'Shft Diaieter Dial Bore Gauge xxxx 49.26 195 
B B An Assi. Surface Condition Visual XX XX 49.99 239 
B C An Assi. Surface Condition Visual XX XX 49.99 240 
B F Ariature,Starter Runout Surf PlateltV-Block xxxx 50.50 259 
B A ShaftA55i,RkrAn Diaieter Dial Snap Bauge xxxx 51.13 236 
A B Crankshaft Assi. Diaieter Hicroieter xxxx 51.22 22 
B A Hub,Idler Sear Diaieter Dial Snap Bauge xxxx 51.94 203 
B A BearAssi,Idler Diaieter Dial Bore Gauge xxxx 51.97 199 
B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 232 
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05/13/83 

Table 5;2 (continued) 

Coiionality Analysis 

.Sorted bv: 52.33 GARD.Inc 
Page No. 2 

Apd x.   REF Itei Characteristic Method of 
Inspection - 

Gauging Approach 
VSELSO 
A 

XX XX 

Derived 
Priority 

Record 
Nuiber 

B B Ari Assi,Valve Rkr Surface Condition Visual 52.33 233 e B Bushin;,Sleeve Diaieter Dial Snap Gauge xxxx   ' 53.09 249 A B Caishaft Assi,Left Diaieter Hicroieter xxxx 53.16 45 A B Caishaft Assi,Rght Diaieter Hicroieter xxxx 53.16 50 B 6 Ariature,Starter SplineTeethCond. Visual XX 53.30 260 A E Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 42 A F Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 43 B B Guide,Poppet Valve Surface Condition Visual XX XX 53.79 229 B A Ariature,Starter Diaieter Dial Snap Gauge xxxx 54.24 254 B C Anature.Starter Diaieter Dial Snap Gauge xxxx 54.74 256 B B Hub,Idler Gear Surface Condition Visual XX XX 54.49 204 B .C Follower Assi. DiaietricClearance Feeler Gauge XXX 54.66 220 B D Foil oner Assi. Clearance, Side Feeler Gauge XXX 54.72 221 B A Pin,Piston Diaieter Dial Snap Gauge xxxx 55.19 207 A *D Crankshaft Assi. Taper Hicroieter xxxx 55.(0 19 A A Rod Assi,Piston Diaieter Dial Bore Gauge XXX 56.04 26 A B Rod Assi,Piston Diaieter Dial Bore Gauge XXX 56.04 27 A A Piston Assi Diaieter Hicroieter xxxx 56.06 31 A A SIeeve,Cyl.Liner Diaieter Hicroieter xxxx 56.09 38 A E Piston Assi Surface Condition Visual & Feeler XX XX 56.62 35 A C Rod Assi,Piston Length Surface Plate XX 57.19 28 A E Crankshaft Assi. Runout Surf PlatlV-Block xxxx 57.43 20 B H Anature,Starter Surface Condition Visual XX 57.45 261 B A Foil oner Assi. Diaieter Dial Snap Gauge xxxx 57.53 218 
A K Crankshaft Assi. Radius Radius Gauge XX 57.79 25 A A Caishaft Assi,Left Diaieter Hicroieter xxxx 5S.2B 44 A A Caishaft Assi.Rght Diaieter Hicroieter xxxx 5B.2B 49 A J Block Assi. Diaieter Dial Bore Gauge X X 58.60 9 
A C Caishaft Assi,Left Runout Vee Block,Surf Pit xxxx 5B.61 46 
A ' C Caishaft Assi,Roht Runout Surf PlatelV-Block xxxx 58.61 51 B B Exhaust Valve Surface Condition Visual XX XX 58.79 224 
B C Exhaust Valve Surface Condition Visual XX XX 58.79 225 A K Block Assi. Diaieter Dial Bore Gauge X X 59.18 10 
A B Piston Assi Diaieter Dial Bore Gauge XXX 59.76 32 
A D Block Assi. Diaieter Dial Bore Gauge X X 60.07 4 
A p Block Assi. Diaieter of C'Bore Dial Bore Gauge X X 60.14 14 B D Exhaust Valve Thickness Scale XXX 60.83 226 A *B Crankshaft Assi. Diaieter Hicroieter xxxx 61.31 17 
B E Foil oxer Assi. Surface Condition Visual XX XX 61.58 222 B A Exhaust Valve Diaieter Dial Snap 6auge xxxx 62.08 223 B E Exhaust Valve Itei Condition Visual XXX 62.47 227 A tA Crankshaft Assi. Diaieter Hicroieter xxxx 63.24 16 A H Block Assi. Roundness of Bore Dial Bore Gauge X X 63.62 8 
A 3-91c4 Asseibly of Engine Concentricity Dividing Head XXX 65.31 183 

RECORDS SELECTED  96 

4825.68 
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05/13/83 

Sorted by: 30.30 

Table 5.3   Video-Stage 

Cotionality Analysis 
BARD,Inc. 

Page ND.     1 

Apdx .   REF Itei Characteristic Hethod of 
Inspection   - 

Gauging Approach 
VSELSO 

A 
XX XX 

Derived 
Priority 

B B HasherThrust,Idler Surface Condition Visual 30.30 
B B Hasher,StarterAn. Surface Condition Visual XX 31.11 
B B LeverAssi,Starter Surface Condition Visual XX 31.11 
B C LeverAs5i,Starter Itei Condition Visual XX 31.11 
B B Shaft,ShiftLever Surface Condition Visual XX XX 31.11 
B C Bushing,Bearing Surface Condition Visual XX XX 31.11 
B B Hasher,StarterPin. Surface Condition Visual XX 31.53 
B B Hasher,Thrust Surface Condition Visual XX XX 31.56 
B B BearAssi,Idler Surface Condition Visual XX XX 35.30 
B D BearAssi,Idler Surface Condition Visual           < XX XX 35.30 
B B Ariature,Starter Diaieter Dial Snap Gauge xxxx 38.24 
B b Anature,St arter Diaieter Snap 6auge xxxx 38.24 
B B HasherThrust,C'Sft Surface Condition Visual XX XX 41.32 
B C HubjBlonerDrBear Condition of Serr. Visual XX 42.18 
B B Hasher,Thrust,BIDr Surface Condition Visual XX XX 42.18 
B A LeverAssi,Starter Diaieter Plug Gauge XXX 43.05 

B B Hub,Fuel Puip Surface Condition Visual xxxx 43.08 
B A Support,BlonerDr. Surface Condition Visual XX XX 43.08 
B B Hub,Blo»erDr6ear Surface Condition Visual XX XX 43.98 
B B ShaftAssi,RkrAn Surface Condition Visual XX XX 44.09 
B A Hub,Blo*erDr6ear Diaieter Dial Bore Gauge xxxx 44.92 
B C GearAssi,Idler GearTeethCondition Visual XX 46.30 

B B Bearing Sleeve Surface Condition Visual XX XX 46.79 

B C Bushing,Sleeve Surface Condition Visual XX XX 47.11 

B B Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 

B C Fraie Assi.CoiEnd Surface Condition Visual XX XX 47.11 

B C Drive,StarterPin. Surface Condition Visual XX 47.11 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 
B B Hasher, Thrust Surface Condition Visual XX XX 47.54 
B B Drive,StarterPin. Condition of Teeth Visual XX 48.01 
B C BearAssi,FuelPuip GearTeethCondition Visual XX XX 48.04 

B A Gear,Helix,BIDr Bear Teeth Cond. Visual XX 48.08 

B B 6ear,Tiling,C'Shft GearTeethCondition Visual xxxx 48.24 
B B BearAssi,FuelPuip Surface Condition Visual XX XX 48.34 

B A Shaft, ShifUever Di aieter Dial Snap Gauge xxxx 4B.95 

B B Bushing,Bearing Diaieter Dial Snap Gauge xxxx 48.95 
B B BearHelical.C'Sft Surface Condition Visual XX XX 49.00 
B B BearHelical.C'Sft Surface Condition Visual XX XX 49.00 

B C 6earHelical,C'Sft GearTeethCondition Visual XX 49.00 
B C BearHelical.C'Sft GearTeethCondition Visual XX 49.00 

B A Hub,Fuel Puip Diaieter Dial Snap Gauge xxxx 49.18 
B A Fraie Assi.CoiEnd Diaieter Dial Bore Gauge XXX 49.19 

B A Gear,Tiling,C'Shft Diaieter Dial Bore Gauge xxxx 49.26 
B B An Assi. Surface Condition Visual XX XX 49.99 

B C An Assi. Surface Condition Visual XX XX 49.99 

B F Ariature,Starter Runout Surf PlatelV-Block xxxx 50.50 

B A Shaft Assi, Rkr An Diaieter Dial Snap Gauge xxxx 51.13 

A B Crankshaft Assi. Diaieter Hicroieter xxxx 51.22 
B A Hub,Idler Gear Diaieter Dial Snap Gauge xxxx 51.94 

B A BearAssi,Idler Diaieter Dial Bore Gauge xxxx 51.97 

B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 

Record 
Nuiber 

206 
264 
271 
272 
274 
277 
269 
246 
200 
202 
255 
257 
198 
283 
287 
270 
36 

278 
282 
237 
281 
201 
209 
250 
252 
253 
267 
234 
235 
217 
266 
243 
284 
196 
242 
273 
276 
212 
213 
214 
215 
244 
251 
195 
239 
240 
259 
236 
22 

203 
199 
232 
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«5/13/83 
Sorted by: 52.33 

Table 5.3 (continued) 
Couonality Analysis 

GARD,Inc. 
Page ND.    2 

ftp Ox.    REF Itei Characteristic Method of 
Inspection ■ 

Bauging Approach 
VSELSO 

A 

Derived 

Prioritv 

B B An Assi,Valve Rkr Surface Condition Visual 52.33 B B Bushing,Sleeve Diaieter Dial Snap Gauge mi   - 53.09 A B Caishaft Assume» Diaieter Hicroieter mi 53.14 A B Caishaft Assi.Rght Diaieter Hicroieter mi 53.16 B G Anature, Starter SplineTeethCond. Visual ii 53.30 A E SIeeve,Cyl.Liner Surface Condition Visual XI II 53.39 A F SIeeve,Cyl.Liner Surface Condition Visual II II 53.39 B B Suide,Poppet Valve Surface Condition Visual XI II 53.79 B A Anature,Starter Diaieter Dial Snap Gauge mi 54.24 B C Anature,St arter Diaieter Dial Snap Sauge XXXI 54.24 B B Hub,Idler 6ear Surface Condition Visual XX II 54.49 B C Folloner Assi. DiaietricClearance Feeler Sauge XXX 54.66 B D Foil oner Assi. Clearance, Side Feeler Gauge XII 54.72 B A Pin,Piston Diaieter Dial Snap Gauge XXXI 55.19 A HI Crankshaft Assi. Taper Hicroieter mi 55.60 A A Rod Assi,Piston Diaieter Dial Bore Gauge XXX 56.04 A B Rod Assi,Piston Diaieter Dial Bore Gauge m 56.04 A A Piston Assi Diaieter hicroieter XXIX 56.06 A A Sleeve,Cyl.Liner Diaieter Nicroieter xm 56.09 A E Piston Assi Surface Condition Visual & Feeler XX II 56.82 A C Rod Assi,Piston Length Surface Plate II 57.19 A E Crankshaft Assi. Runout Surf PlatlV-Block xm 57.43 B H Anature,St arter Surface Condition Visual XX 57.45 B A Foil oxer Assi. Diaieter Dial Snap Gauge xm 57.53 A K Crankshaft Assi. Radius Radius Gauge XI 57.79 A A Caishaft Assi,Left Diaieter Hicroieter mi 58,28 A A Caishaft Assi,Rght Di aieter Hicroieter xm 58.28 A C Caishaft Assi,Left Runout Vee Block,Surf Pit XXII 58.61 A C Caishaft Assi,Rght Runout Surf PlatelV-Block mx 58.61 B B Exhaust Valve Surface Condition Visual XX XX 58.79 B C Exhaust Valve Surface Condition Visual II XX 58.79 A B Piston Assi Diaieter Dial Bore Gauge XIX 59.76 B D Exhaust Valve Thickness Scale XXX 60.83 A ♦B Crankshaft Assi. Diaieter Hicroieter xm 61.31 B E Foil oner Assi. Surface Condition Visual IX XX 61.58 B A Exhaust Valve Diaieter Dial Snap Gauge mx 62.08 B E Exhaust Valve Itei Condition Visual XXX 62.47 A «A Crankshaft Assi. Diaieter Hicroieter xm 63.24 A 3-91c4 Asseibly of Engine Concentricity Dividing Head XXX 65.31 

Record 
Nuiber 

233 
249 

45 

50 

260 
42 

43 
229 

254 
256 

204 

220 
221 
207 
19 
26 
27 
31 
38 
35 
28 
20 

261 
21B 
25 
44 
49 
46 
51 

224 
225 
32 

226 
17 

222 
223 
227 
16 

183 

4524.07 

RECORDS SELECTED  91 
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Table 5.4 Electronic 
Coiionality Analysis 

05/13/B3 6ARD,Inc 
Sorted by: 38.24 Page No.  1 

Apdx . REF Itei Characteristic flethod of Gauging Approach Derived Record 
Inspection . VSELSO 

A 
xxxx 

Prioritv Nuiber 

B B Arlature,Starter Diaieter Dial Snap Gauge 38.24 255 
B D Arlature,Starter Diaieter Snap Gauge xxxx ■ 3B.24 257 
B E Arnature,Starter Depth Depth Gauge x 38.46 258 
A B Block Ass». Flatness StrtedgelFeeler XX 41.65 2 
A C Block Assi. Flatness StrtedgetcFeeler XX 41.65 3 
B A LeverAssi.Starter Diaieter Plug Gauge XXX 43.05 270 
B B Hub,Fuel Punp Surface Condition Visual xxxx 43.0B 36 
A H Block Assi. Flatness of C'Bore Depth Bore Gauge X 44.14 12 
B A Hub,Blo»erDrGear Diaieter Dial Bore Gauge xxxx 44.92 281 
B A Hasher,Starter An. Thickness Snap Gauge X 48.05 263 
B B Gear,Tiling,C'Shft GearTeethCondition Visual xxxx 48.24 196 
A 6 Block Assi. Taper of Bore Dial Bore Gauge X 48.52 7 
B A Shaft,ShiftLever Diaieter Dial Snap 6auge xxxx 46.95 273 
B B Bushing,Bearing Diaieter Dial Snap Gauge xxxx 48.95 276 
B A Drive,StarterPin. Diaieter Dial Bore Gauge X 48.99 265 
B A Bushing,Bearing Diaieter Dial Bore Gauge X 48.99 275 
B A Hasher,StarterPin. Thickness Gnap Gauge X 49.02 268 
B A Hasher,Thrust,BIDr Thickness Dial Snap Gauge X 49.02 286 
B A HasherThrust,Idler Thickness Dial Snap 6auge X 49.0G 205 
B A Hub,Fuel Puip Diaieter Dial Snap Gauge xxxx 49.18 244 
B A Hasher,Thrust Thickness Snap Gauge X 49. IB 245 
B A Fraie Assi.CoiEnd Diaieter Dial Bore Gauge XXX 49.19 251 
B A GearAssi.FuelPuap Diaieter Dial Bore 6auge X 49.22 241 
B A Gear,Tiling,C'Shft Diaieter Dial Bore Gauge xxxx 49.26 195 
A 3-B0b Asseibly of Engine Backlash Dial Indicator X 49.27 189 
B F Arlature,Starter Runout Gurf PlatetV-Block xxxx 50.50 259 
A C Cylinder Head Assi Flatness StrghtedgelFeeler XX 50.53 56 
A B Cylinder Head Assi Flatness StrghtedgelFeeler XX 50.78 55 
B B Gear,Helix,BIDr Diaieter Dial Snap Gauge X 50.85 285 
A 3-75d Asseibly of Engine End Play Dial Indicator X 51.07 186 
B A ShaftAssi,RkrAn Diaieter Dial Snap Gauge xxxx 51.13 236 
B A An Assi. Diaieter Dial Bore Gauge X 51.14 238 
A G Crankshaft Ass*. Diaieter Hicroieter xxxx 51.22 22 
B A Hub,Idler Gear Diaieter Dial Snap Gauge xxxx 51.94 203 
B A GearAssi,Idler Diaieter Dial Bore Gauge xxxx 51.97 199 
A 6 Cylinder Head Assi Thickness Hicroieter X 53.03 60 
B A Housing,Starter Diaieter Dial Bore 6auge X 53.09 247 
B B Bushing,Sleeve Diaieter Dial Snap Gauge xxxx 53.09 249 
A B Caishaft Assi,Left Diaieter Hicroieter xxxx 53.16 45 
A B Caishaft Assi,Rght Diaieter Hicroieter xxxx 53.16 50 
B A Bearing Sleeve Diaieter Dial Bore Gauge X 53.84 20B 
B A HasherThrust,C'Sft Thickness Dial Snap Gauge «X 54.02 197 
B A Bushing,Sleeve Diaieter Dial Bore Ga^e X 54.19 248 
B A Arlature,Starter Diaieter Dial Snap Gauge xxxx 54.24 254 
B C Arlature,Star' er Diaieter Dial Snap Gauge xxxx 54.24 256 
B A An A^i,Valve Rkr Di aieter Dial Bore Gauge X 54.37 230 
B A An Assi,Valve Rkr Diaieter Dial Bore 6auge X 54.37 231 
B A Hasher,Thrust Thickness Dial Snap Gauge X 54.38 216 
B C Folloner Assi. DiaietricClearance Feeler Gauge XXX 54.66 220 
B D Follower Assi. Clearance, Side Feeler Gauge XXX 54.72 221 
A •C Crankshaft Assi. Roundness Hicroieter XX 55.15 IS 
B A GearHelical,C'Sft Diaieter Dial Bore Gauge X 55.17 210 
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05/13/83 

Sorted by: 55.17 

Table 5.4 (continued) 
Coiionality Analysis 

GflRD,Inc. 
Page No.     2 

Apdx.   REF 

A 
A 
A 
A 

A 
A 
A 
A 

A 
A 

A 
A 
A 
A 
A 

A 
B 

A 
6 

A 

A 

»D 

A 

A 
B 
3-74b 
B 
E 
A 
A 
A 
L 

D' 
J 
C 
C 
K 
N 
E 

F 
E 
B 
D 
P 
C 
D 
«B 
A 
A 
B 
E 
3-74b 
«A 
H 
E 
3-?kl 
3-91c4 
D 

Itei 

6earHelicaI,C'Sft 
Pin,Piston 

Crankshaft Assi. 
Block Assi. 

Rod Assi,Piston 

Rod Assi,Piston 
Piston Assi 

SIeeve,Cyl.Liner 
SIeeve,Cyl.Liner 

Asseibly of Engine 
Foil oner Assi. 

Crankshaft Assi. 
Follower Assi. 

Caisbaft Assi,Left 
Caishaft Assi,Rght 
Block Assi. 

SIeeve,Cyl.Liner 
Block Assi. 

Caishaft Assi, Left 
Caishaft Assi,Rght 
Block Assi. 
Block Assi. 

Block Assi. 
Block Assi. 

Rod Assi,Piston 
Piston Assi 

Block Assi. 
Block Assi. 

Sleeve,Cyl.Liner 
Exhaust Valve 
Crankshaft Assi. 
Exhaust Valve 

Buide,Poppet Valve 

Support,BloNerDr. 
Exhaust Valve 
Asseibly of Engine 
Crankshaft Assi. 
Block Assi. 

Cylinder Head Assi 
Asseibly of Engine 
Asseibly of Engine 
Cylinder Head Assi 

Characteristic 

Diaieter 
Diaieter 
Taper 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Depth 
Diaieter 
Runout 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Taper 
Diaieter 
Runout 
Runout 
Diaieter 
Depth of C'Bore 
Diaieter 
Diaieter 
Straightness 
Diaieter 
Diaieter 
Diaieter of C'Bore 
Roundness 
Thickness 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Itei Condition 
Fit 
Diaieter 
Roundness of Bore 
Diaieter of CaiFol 
Backlash 
Concentricity 

Diaieter of C'Bore 

Hethod of 
Inspection - 

Dial Bore Gauge 

Dial Snap Sauge 

Nicroieter 

Dial Bore Sauge 

Dial Bore Sauge 

Dial Bore Sauge 

Hicroieter 

Nicroieter 

Dial Bore 6auge 

Depth Sauge 
Dial Snap Sauge 

Surf PlatlV-Block 
Dial Snap Sauge 
Hicroieter 

Hicroieter 
Dial Bore Sauge 
Dial Bore Gauge 
Dial Bore Sauge 

Vee BlockjSurf Pit 
Surf PlatelV-Block 
Dial Bore Gauge 
Depth Sauge 
Dial Bore Gauge 

Dial Bore Gauge 

Surface Plate 
Dial Bore 6auge 
Dial Bore 6auge 
Dial Bore Gauge 
Dial Bore Gauge 
Scale 

Hicroieter 
Dial Snap Gauge 
Dial Bore Gauge 
Dial Bore 6auge 
Visual 

Hicroieter t DB6 
Hicroieter 
Dial Bore Gauge 
Plug Gauge 
Hardness Tester 
Dividing Head 
Dial Bore Gauge 

Bauoing Approach 
VSELSO 
A 

x 
XXXX    ' 

xxxx 
x 

xxx 
xxx 
xxxx 
xxxx 

x 
. X 

X 
xxxx 
xxxx 
xxxx 
xxxx 

X 
X 

X X 
xxxx 
xxxx 
X X 

X 
X 
X 
X 

XXX 
X X 
X X 

X 
XXX 
xxxx 
xxxx 

X 
X 

XXX 
X 

xxxx 
X X 

X 
X 

XXX 
X 

Derived 
Priority 

55.17 
55.19 
55.60 

55.84 

56.04 

56.04 

56.06 

56.09 

56.10 

56.12 
56.70 
57.43 
57.53 
58.28 
5B.28 
5B.42 
58.47 
58.60 

58.61 
58.61 
59.18 

59.35 
59.56 

59.56 
59.68 
59.76 
60.07 
60.14 
60.76 
60.83 
61.31 
62.08 
62.08 
62.32 
62.47 
63.03 
63.24 
63.62 
63.93 
64.25 
65.31 
65.97 

5084.23 

Record 
Nuiber 

211 
207 
19 
15 
26 
27 
31 
38 
39 
187 
219 
20 

218 
44 
49 
11 
41 
9 

46 
51 
10 
13 
5 
6 

30 
32 
4 
14 
40 

226 
17 

223 
228 
280 
227 
185 
16 
8 

58 
182 
183 
57 

RECORDS SELECTED  94 
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Table 5.5   Laser 
Cononality Analysi s 

05713/83 GARD.Inc. 

Sorted by: 30.30 Page No.     1 

Apdx .   REF ltd Characteristic Hethod of Gauging Approach Derived Record 

Inspection • VSELSO 

A 
XX XX 

Priority Nuiber 

B B «asherThrust, Idler Surface Condition Visual 30.30 206 
B B Shaft, Shi «Lever Surface Condition Visual XX XX 31.11 274 
B C Bushing.Bearing Surface Condition Visual XX XX 31.11 277 
B B Hasher,Thrust Surface Condition Visual XX XX 31.54 246 
B B BearAsst,Idler Surface Condition Visual XX XX 35.30 200 
B D GearAssi,Idler Surface Condition Visual XX XX 35.30 202 
B B Ariature,Starter Diaieter Dial Snap Gauge xxxx 38.24 255 
B D Arnature,Starter Di aieter Snap Gauge xxxx 3B.24 257 
B B »asherThrust,C'S« Surface Condition Visual XX XX 41.32 198 
A B Block Assi. Flatness StrtedgeiiFeeler XX 41.65 2 
A C Block Assi. Flatness StrtedgelFeeler XX 41.65 3 
B B Hasher,Thrust,BIDr Surface Condition Visual XX XX 42.18 2B7 
B B Hub,Fuel Puip Surface Condition Visual xxxx 43.0B 36 
B A Support,BloaerDr. Surface Condition Visual XX XX 43.08 278 
B B Hub,Blo»erBrBear Surface Condition Visual XX XX 43. VB 282 
B B ShaftAssi.RkrAn Surface Condition Visual XX XX 44.09 237 
B A Hub,BloNerDr6ear Diaieter Dial Bore Gauge xxxx 44.92 281 
B B Bearing Sleeve Surface Condition Visual x XX XX 46.79 209 
B C Bushing,Sleeve Surface Condition Visual XX XX 47.11 250 
B B Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 252 
B C Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 253 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 234 
B C Ar« Assi,Valve Rkr Surface Condition Visual XX XX 47.33 235 
B B Hasher,Thrust Surface Condition Visual XX XX 47.54 217 
B C BearAssi,FuelPuip GearTeethCondition Visual XX XX 48.04 243 
B B Gear,Tiling,C'Shft GearTeethCondition Visual xxxx 48.24 196 
B B BearAssi,FuelPuip Surface Condition Visual XX XX 48.34 242 
B A Shaft,ShiftLever Diaieter Dial Snap Gauge xxxx 48.95 273 
B B Bushing,Bearing Diaieter Dial Snap Gauge xxxx 4B.95 276 
B B BearHelkaljC'Sft Surface Condition Visual XX XX 49.00 212 
B B 6earHelical,C'Sft Surface Condition Visual XX XX 49.00 213 
B A Hub,Fuel Puip Diaieter Dial Gnap 6auge xxxx 49.18 244 
B A Bear,Tiling,C'Shft Diaieter Dial Bore Gauge xxxx 49.26 195 
B B Ari Assi. Surface Condition Visual XX XX 49.99 239 
B C An Assi. Surface Condition Visual XX XX 49.99 240 
B F Ariature,Starter Runout Surf PlateiV-Block xxxx 50.50 259 
A C Cylinder Head Assi Flatness StrghtedgelFeeler XX 50.53 56 
A B Cylinder Head Assi Flatness StrghtedgelFeeler XX 50.78 55 
B A ShaftAssi,RkrAri Diaieter Dial Snap Gauge xxxx 51.13 236 
A 6 Crankshaft Assi. Diaieter Hicroieter xxxx 51.22 22 
B A Hub,Idler Sear Diaieter Dial Snap Gauge xxxx 51.94 203 
B A GearAssi,Idler Diaieter Dial Bore Gauge xxxx 51.97 199 
B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 232 
B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 233 
B B Bushing,Sleeve Diaieter Dial Snap Gauge xxxx 53.09 249 
A B Caishaft Assi,Left Diaieter Hicroieter xxxx 53.16 45 
A B Caishaft Assi,Rght Diaieter Hicroieter xxxx 53.16 50 
A E Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 42 
A F Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 43 
A C Piston Assi Surface Condition Visual XX 53.47 33 
A B Piston Assi Surface Condition Visual XX 53.47 34 
B B 6uide,Poppet Valve Surface Condition Visual 
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05/13/83 
Sorted by: 54.02 

Table 5.5 (continued) 
Couonality Analysis 

BARD, Inc. 
Page No. 2 

Ap it.   REF Itei Characteristic Method of 
Inspection  ■ 

Bauging Approach 
VSELSO 

A 
XX 

Derived 
Priority 

B A MasherThrust,C'Sft Thickness Dial Snap Sauge 54.02 
B A Amature,Starter Diaieter Dial Snap Sauge XXXX     ' 54.24 
B C Anature,Start er Diaieter Dial Snap Gauge xxxx 54.24 
B B Hub,Idler Sear Surface Condition Visual XX XX 54.49 
A' *C Crankshaft Assi. Roundness Hicroieter XX 55.15 
B A Pin,Piston Diaieter Dial Snap Gauge xxxx 55.19 
A D Rod Assi.Piston Physical Condition Visual XX 55.25 
A ♦D Crankshaft Assi. Taper Hicroieter xxxx 55.60 
A A Piston flssi Diaieter Hicroieter xxxx 56.06 
A A Sleeve,Cyl,Liner Diaieter Hicroieter xxxx 56.09 
A E Piston Ass* Surface Condition Visual l Feeler XX XX 56.82 
A E Crankshaft Assi. Runout Surf PlatlV-Block XXXX 57.43 
B A FollDner Assi. Diaieter Dial Snap Sauge xxxx 57.53 
A A Caishaft Ass«,Left Diaieter Hicroieter xxxx 58.28 
A A Caishaft Assi, Right Diaieter Hicroieter xxxx 58.28 
A C Caishaft Assi,Left Runout Vee Block.Surf Pit xxxx 58.61 
A C Caishaft Assi,Rght Runout Surf PlateiV-Block xxxx 58.61 
B B Exhaust Valve Surface Condition Visual XX XX 58.79 
B C Exhaust Valve Surface Condition Visual XX XX 58.79 
A H Crankshaft Assi. Surface Condition Visual XX 61.09 
A *B Crankshaft Assi. Diaieter Hicroieter. xxxx 61.31 
B E Follower Assi. Surface Condition Visual XX XX 61.58 
B A Exhaust Valve Diaieter Dial Snap Gauge xxxx 62.08 
A tfi Crankshaft Assi. Diaieter Hicroieter xxxx 63.24 
A B Caishaft Assi,Left Surface Condition Visual XX 63.85 
A D Caishaft Assi.Rght Surface Condition Visual XX 63.B5 
A J Crankshaft Assi. Surface Condition Visual XX 64.33 

Record 
Nu ib er 

197 
254 
256 
204 
18 

207 
29 
19 
31 
38 
35 
20 

218 
44 
49 
46 
51 
224 
225 
23 
17 

222 
223 
16 
47 
52 
24 

RECORDS SELECTED  79 

3990.82 
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Table 5.6 Surface 
Coiionality Analysis 

05/13/83 GARD,Inc 

Sorted by: /DO Page No.     1 

Apdx .   REF Itei Characteristic Hethod of Gauging Approach Derived Record 
Inspection VSELSO 

A 
Priority Nuiber 

B B HasherThrust, Idler Surface Condition Visual XX XX    - 30.30 206 
B B Shaft,ShiftLever Surface Condition Visual XX XX 31.11 274 
B C Bushing,Bearing Surface Condition Visual XX XX 31.11 277 
B B Hasher,Thrust Surface Condition Visual XX XX 31.56 246 
B B BearAssi,Idler Surface Condition Visual XX XX 35.30 200 
B D BearAssi,Idler Surface Condition Visual XX XX 35.30 202 
B B HasherThrust,C'Sft Surface Condition Visual XX XX 41.32 198 
B B Hasher,Thrust,BIDr Surface Condition Visual XX XX 42.18 287 
B A Support,BlonerDr. Surface Condition Visual XX XX 43.08 278 
B B. Hub,BlonerDr6ear Surface Condition Visual XX XX 43.98 282 
B B ShaftAssi,RkrAn Surface Condition Visual XX XX 44.09 237 
B B Bearing Sleeve Surface Condition Visual XX XX 46.79 209 
B C Bushing,Sleeve Surface Condition Visual XX XX 47.11 250 
B B Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 252 
B C Fraie Assi,CoiEnd Surface Condition Visual XX XX 47.11 253 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 234 
B C An Assi,Valve Rkr Surface Condition Visual XX XX 47.33 235 
B B Hasher,Thrust Surface Condition Visual XX XX 47.54 217 
B C BearAssi,FuelPuip GearTeethCondition Visual XX XX 48.04 243 
B B BearAssi,FuelPuip Surface Condition Visual XX XX 48.34 242 
B B GearHelical,C'Sft Surface Condition Visual XX XX 49.00 212 
B B 6earHelical,C'Sft Surface Condition Visual XX XX 49.00 213 
B B An Assi. Surface Condition Visual XX XX 49.99 239 
B C An Assi. Surface Condition Visual XX XX 49.99 240 
B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 232 
B B An Assi,Valve Rkr Surface Condition Visual XX XX 52.33 233 
A F Cylinder Head Assi Surface Condition Visual X 53.19 59 
A E Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 42 
A F Sleeve,Cyl.Liner Surface Condition Visual XX XX 53.39 43 
A C Piston Assi Surface Condition Visual XX 53.47 33 
A D Piston Assi Surface Condition Visual XX 53.47 34 
B B Guide,Poppet Valve Surface Condition Visual XX XX 53.79 229 
B B Hub,Idler Gear Surface Condition Visual XX XX 54.49 204 
A «F Crankshaft Assi. Surface Finish Surface Analyrer X 54.62 21 
A D Rod Assi,Piston Physical Condition Visual XX 55.25 29 
A E Piston Assi Surface Condition Visual 1 Feeler XX XX 56.82 35 
B B Exhaust Valve Surface Condition Visual XX XX 58.79 224 
B C Exhaust Valve Surface Condition Visual XX XX 58.79 225 
A H Crankshaft Assi. Surface Condition Visual XX 61.09 23 
B E Follower Asst. Surface Condition Visual XX XX 61.5B 222 
A D Caishaft Assi,Left Surface Condition Visual XX 63.85 47 
A D Caishaft Assi,Rght Surface Condition Visual XX 63.85 52 
A J Crankshaft Assi. Surface Condition Visual XX 64.33 24 

2112.83 

RECORDS SELECTED 
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Table 5.7   Other 
Coiionality Analysis 

05/13/83 BARD,Inc. 
Sorted by: 50.72 Page No.     1 

Apdx.   REF Itei Characteristic Hethod of Gauging Approach       Derived Record 
Inspection   - VSELSO Priority Nuiber 

A 
A   A    Cylinder Head Assi Leakage        Pressure Test X       50.72        54 
B   I    Ariature.Starter  ShortslBrounds    Electrical X       64.54       262 
A   A    Block Assi.     Leakage        Pressure Test X       71.01 1 

186.27 

RECORDS SELECTED 
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06/21/33 
Sorted BY: 

Table 5.8 
Nonali:ed I Weighted Implementation Prioritization Table 

SARD,Inc. 
Pane No.     1 

Weighting Factor (.09) (.15)(.14)(.14)(.15)(.33) 

dot !;. REF Item Characteristic Method of Cplx/ Error Per f. Test Fab. Perf. DERIVED 
Inspection Skill Prob. Tue Voluie Crit. Crit. »RIORITYU 

6 B Ariature.Starter Diaieter Dial Snap Gauge .054 .0 .0079 .0063 .1 .22 38.33 
B D Amature,Starter Diaieter Snap Gauge .054 .0 .0079 .0063 .1 .22 38.83 
B E Araature,Starter Deoth Depth Gauge .054 .0 .0167 .0063 .1 .22 39.72 
A B Block Ass». Flatness StrtedgelFeeler .072 .0152 .0063 .0076 .1 .22 42.13 
A C Block Assi. Flatness StrtedgetiFeeler .072 .0152 .0063 .0076 .1 .22 42.13 
B A LeverAss»,Starter Diaieter Plug Gauge .045 .0 .0079 .0035 .05 .33 43.65 
A H Block Ass«, Flatness of C'Bore Deoth Bore Gauge .081 .0152 .0087 .0229 .1 .22 44.79 
B A Huij.BioxerDrGear Diaieter Dial Bore Gauge .063 .0 .0079 .0041 .05 .33 45.51 
B A Nastier. StarterAn. Thickness Snap Gauge .045 .0 .0079 .0035 .1 .33 48.65 
A . 6 Block Assi. Taper of Bore Dial Bore Gauge .09 .0050 .0056 .0687 .1 .22 48.95 
B A Shalt, ShiftLever Diaieter Dial Snap Gauge .054 .0 .0079 .0035 .1 .33 49.55 
B B Bushing,Bearing Diaieter Dial Snap Gauge .054 .0 .0079 .0035 .1 .33 49.55 
B A Washer,Thrust,BIDr Thickness Dial Snap Gauge .054 .0 .0079 .0041 .1 .33 49.61 
B A Washer.StarterPin. Thickness Snap Gauge .054 .0 .0079 .0042 .1 .33 49.62 
B A Drive,StarterPin. Diaieter Dial Bore 6auge .054 .0 .0092 .0035 .1 .33 49.68 
B A Bushing,Bearing Diaieter Dial Bore Gauge .054 .0 .0095 .0035 .1 .33 49.71 
B A WasherThrust.Idler Thickness Dial Snap Sauge .054 .0 .0095 .0044 .1 .33 49.80 
B A Hub,Fuel Puip Diaieter Dial Snap Gauge .054 .0 .0159 .0036 .1 .33 50.37 
B A Washer, Thrust Thickness Snap Gauge .054 .0 .0159 .0038 .1 .33 50.37 
fi A Fraie Assi,CojiEnd Diaieter Dial Bore Gauge .054 .0 .0175 .0035 .1 .33 50.50 
B A 6earAss»,FuelPuip Diaieter Dial Bore 6auge .054 .0 .0173 .0038 .1 .33 50.52 
B A Bear,Tiling,C'Shft Diaieter Dial Bore Gauge .054 .0 .0172 .0042 .1 .33 50.55 
A 3-80b Asseibly of Engine Backlash Dial Indicator .054 .0 .0190 .003B .1 .33 50.70 
A C Cylinder Head Assi Flatness StrgbtedgeiFeeler .072 .0049 .0063 .0466 .05 .33 51.00 
A B Cylinder Head Assi Flatness StrghtedgetcFeeler .072 .0074 .0063 .0466 .05 .33 51.25 
A 6 Crankshaft Assi. Diaieter Hicroieter .081 .0 .0031 .0004 .1 .33 51.46 
B B 6ear,Helix.BIDr Diaieter Dial Snan Gauge .072 .0 .0094 .0041 .1 .33 51.56 
B F Ariature,Starter Runout Surf Plate&V-Block .063 .0 .0224 .0063 .1 .33 52.18 
B A ShaftAssijRkrAn Diaieter Dial Snap Gauge .054 .0 .0159 .0233 .1 .33 52.32 
B A An Assi. Diaieter Dial Bore Gauge .054 .0 .0161 .0233 .1 .33 52.35 
A 3-75d Asseibly of Engine End Play Dial Indicator .072 .0 .0190 .0038 .1 .33 52.50 
B A Hub,Idler Gear Diaieter Dial Snap Gauge .0B1 .0 .0159 .0044 .1 .33 53.13 
B A GearAssi,Idler Diaieter Dial Bore Gauge .081 .0 .0171 .0044 .1 .33 53.26 
A G Cylinder Head Assi Thickness Hicroieter .0B1 .0599 .0063 .0077 .05 .33 53.51 
B B Bushing,Sleeve Diaieter Dial Snap Gauge .045 .0 .0092 .0035 .15 .33 53.78 
B A Housing,Starter Diaieter Dial Bore Gauge .045 .0 .0095 .0035 .15 .33 53.81 
B A WasherThrust.C'Sft Thickness Dial Snap Gauge .054 .0 .0063 .0045 .15 .33 54.50 
B A Ariature,Starter Diaieter Dial Snap Gauge .054 .0 .0079 .0063 .15 .33 54.83 
B C Ariature,Starter Diaieter Dial Snap Gauge .054 .0 .0079 .0063 .15 .33 54.83 
B A Washer,Thrust Thickness Dial Snap Gauge .054 .0 .0079 .0077 .15 .33 54,97 
A «F Crankshaft Asse. Surface Finish Surface Analvzer .081 .0077 .0047 .0262 .1 .33 54.9B 
B A Bearing Sleeve Diaieter Dial Bore Gauge .081 .0 .016! .0233 .1 .33 55.05 
B C Foil oner Assi. DiaietricClearance Feeler Gauge .045 .0 .0063 .07 .1 .33 55.14 
B D Follower Assi, Clearance, Side Feeler Gauge .054 .0416 .0063 .07 x .05 .33 55.20 
A *C Crankshaft Assi. Roundness Hicroieter .09 .0044 .0031 .0262 .1 .33 55.39 
B A Bushing,Sleeve Diaieter Dial Bore Gauge .054 .0 .0172 .0035 .15 .33 55.48 
B A An Assi,Valve Rkr Diaieter Dial Bore Gauge .063 .0 .0160 .0466 .1 .33 55.57 
S A An Assi,Valv; Rkr Diaieter Dial Bore Gauge .063 .0 .0160 .0466 .1 .33 55.57 
B A Pin,Piston Diaieter Dial Snap 6auge .072 .0228 .0063 .0254 .1 .33 55.67 
A «D Crankshaft Assi. Taper Hicroieter .09 .0088 .0031 .0262 .1 .33 55.83 
A 9 Block Assi. Diaieter Dial Bore 6auge .081 .0152 .0065 .0305 .1 .33 56.33 
A A Rod Assi,Piston Diaieter Dial Bore Gauge .081 .0249 .0042 .0233 .1 .33 56.36 
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06/21/83 

Sorted by: 54.36 

Table 5.9 
Normalized S Meighted Inplenentation Prioritization Table 

BARS,Inc. 
Page No.     2 

If da.    REF Iten Characteristic Method of Cph/ Error Perf. Test Fab. Perf. DERIVED 
Inspection ' Skill Prob. Tiie Volute Crit. Crit. PRIORITY« 

A B Rod Ass«,Piston Diaieter Dial Bore Bauqe .031 .0249 .0042 .0233 .1 .33 56. 3D 
A A Piston Assi Ciaieter Hicroieter .081 .0228 .0050 .0254 .1 .33 56.44 B A GearHelical,C'Sft Diaieter Dial Bore Gauge .063 .0 .0171 .0044 .15 .33 56,46 B A GearHelicaUC'Sft Diaieter Dial'Bore Gauge .063 .0 .0171 .0044 .15 .33 56.46 A A Sleeve,Cyl.Liner Diaieter Hicroieter .0B1 .0228 .0063 .0254 .1 .33 56.57 
A B Sleeve.Cyl.Liner Diaieter Dial Bore Gauge .081 .0228 .0064 .0254 .1 .33 56.58 A 3-76b Assembly of Engine Depth Depth Gauge .081 .0249 .0074 .0233 .1 .33 56.67 
A B Camshaft Ass«,Left Diaieter Hicroieter .081 .0 .0509 .0077 .1 .33 56.97 
A B Caishaft Assi.Rght Diaieter Hicroieter .081 .0 .0509 .0077 .1 .33 56.97 B B Foil oner Assi. Diaieter Dial Snap Gauge .063 .0 .0159 .07 .1 .33 57.89 A ■E Piston Assi Surface Condition Visual i> Feeler ■   .063 .0457 .0159 .0254 .1 .33 56.02 A K Crankshaft Assi. Radius Radius Gauge .09 .0044 .0033 .0525 .1 .33 58.04 A C Rod Assi,Piston Length Surface Plate .09 .0249 .0140 .0233 .1 .33 58.24 A E Crankshaft Assi. Runout Surf PlatiV-Block .09 .0 .0137 .0008 .15 .33 58.46 B A Follower Ass«. Diaieter Dial Snap Sauge .063 .0083 .0159 .07 .1 .33 58.72 A L Block Assi. Diaieter Dial Bore Gauge .072 .0152 .0065 .0152 .15 .33 58.91 A D Sleeve,Cyl.Liner Taper Dial Bore Gauge .081 .0457 .0096 .0254 .1 .33 59.19 A J Block Assi. Diaieter Dial Bore Gauge .0B1 .0076 .0082 .0152 .15 .33 59.22 A A Caishaft Assi,Left Diaieter Hicroieter .081 .0374 .0127 .0311 .1 .33 59.23 A A Caishaft Assi.Rght Diaieter Hicroieter .081 .0374 .0127 .0311 .1 .33 59.23 A K Block Assi. Diaieter Dial Bore Gauge .072 .0228 .0065 .0152 .15 .33 59.67 A E Block Assi. Diaieter Dial Bore Gauge .031 .0101 .0060 .0229 .15 .33 60.01 A F Block Assi. Diaieter Dial Bore Gauge .081 .0101 .0060 .0229 .15 .33 60.01 
A N Block Assi. Depth of C'Bore Depth Gauge .063 .0254 .0087 .0229 .15 .33 60.01 A B Piston Assi Diaieter Dial Bore Gauge .081 .0343 .0053 .0509 .1 .33 60.16 A D Block Assi. Diaieter Dial Bore 6auge .081 .0152 .0060 .0229 .15 .33 60.52 A E Rod Assi,Piston Straightness Surface Plate .09 .0499 .0140 .0233 .1 .33 60.74 
A P Block Assi. Diaieter of C'Bore Dial Bore Gauge .081 .0152 .0037 .0229 .15 .33 60.79 
A C Caishaft Ass«,Left Runout Vee Block,Surf Pit .081 .0 .0373 .0155 .15 .33 61.44 A C Caishaft Assi,Rght Runout Surf PlatefcV-Block .081 .0 .0378 .0155 .15 .33 61.44 A C Sleeve,Cyl.Liner Roundness Dial Bore 6auge .081 .0686 .0096 .0254 .1 .33 61.48 A *B Crankshaft Ass«. Diaieter Hicroieter .09 .0310 .0031 .0112 .15 .33 61.55 B D Exhaust Valve Thickness Scale .081 .0 .0159 .0933 .1 .33 62.03 B A Exhaust Valve Diaieter Dial Snap Gauge .081 .0124 .0159 .0933 .1 .33 63.27 
B A Buide,Poppet Valve Diaieter Dial Bore Gauge .081 .0124 .0159 .0933 .1 .33 63.28 A 3-74b Asseibly of Engine Fit Hicroieter i DBG .09 .0463 .0050 .0622 .1 .33 63.41 A »A Crankshaft Assi. Diaieter Hicroieter .09 .0465 .0031 .0150 .15 .33 63.43 B B Support,BloNerDr. Diaieter Dial Bore Gauge . .045 .1396 .0172 .0041 .1 .33 63.61 A H Block Assi. Roundness of Bore Dial Bore Gauge .081 .0050 .0056 .0687 .15 .33 64.05 A E Cylinder Head Assi Diaieter of Ca«Fol Plug Gauge .081 .0066 .0064 .07 .15 .33 64.41 A 3-91d Asseibly of Engine Backlash Dial Indicator .054 .1498 .0190 .0038 .1 .33 65.68 A D Cylinder Head Assi Diaieter of C'Bore Dial Bore Gauge .081 .0037 .0064 .0933 .15 .33 66.45 A 3-91c4 Asseibly of Engine Concentricity Dividing Head .063 .149B .0254 .0038 .1 .33 67.22 

5240.37 

RECORDS SELECTED      95 

50 
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Table 5.10 
Commonality Analvsis 

VIDEO 

GARB.Inc. 

Page Ho 

APC *.    REF Item. Characteristic Bethod of  • Gauging Approach Deri ved Record 
Inspection 7SELSC Priority Number 

A t\ Crankshaft Asss. Radius Radius Gauge XI 5B.:>4 25 
M D Block Assm. Diameter Dial Bore Gauge «XX 65.52 4 
A f, Blue;,   ASSS. Disister Dial Bore Gauge XKl 59.67 10 
A P Block Assm. Diameter of C'Bare Dial Bore Gauge- m 60.79 14 
A i Sod Asso,Piston Length Surface Plate XXI 58.24 23 
A 3-91c4 Assembly of Engine Concentricity Dividing Head XXX     ■ 67.22 1B3 
B B Fo!loser Assm. Diameter Dial Snag Gauge XXX 57.89 219 
s D Fihaust Valve Thickness Scale XXX 62.03 226 
I A LeierAsss,Starter Diameter Piug Gauge XXX 13.65 270 
A ' »A Crankshaft Ass«. Diaieter Micrometer xxxx 63.4S 16 
ft «B Crankshaft Asss. Diaieter Kicrometer xxxx 61.55 17 
A *C Crankshaft Assm. Roundness Hicrometer xxxx 55,39 18 
A «D Crankshaft Asss. Taper hicrometer xxxx 55.83 ;9 
A E Crankshaft Sss». Runout Surf PlatäV-Block xxxx 58.46 20 
A 6 Crankshaft Ass». Biaieter Micrometer xxxx 51.46 22 
A A Rod Ass«,Piston Diajeter Dial Bore Sauge xxxx 56.34 26 
A A Piston Assm Diameter Hicroieter xxxx 56,44 31 
A A Sleeve,Cyl.Liner Diameter Hicrometer xxxx 56.57 38 
A A Camshaft Ass«.Left Diameter Hicrometer xxxx 59.23 44 
A B Canshaft Assi.Left Diameter Micrometer xxxx 56.97 45 
A r Canstiaft Ass«,Left Runout Vee Block,Surf Pit xxxx 61.44 46 
A A Camshaft As5m,Rght Diameter Hicrometer xxxx 59.23 49 
A B Caishaft Ass»,Rght Diameter Hicrometer xxxx 56.97 50 
A C Camshaft Assm.Rght Runout Surf PlatetV-Block xxxx 61.44 ti 

A S Cylinder Head Ass« Thickness Hicrometer xxxx 53.51 60 
B A BasherThrust.C'Sft Thickness Dial Snap Gauge xxxx 54.50 197 
B A Hub, Id!er Bear Diameter Dial Snao Gauge xxxx 53.13 203 
E A WasherThrust,Idler Thickness Dial Snap Gauge xxxx 49.80 205 
e A Pin,Piston Diaieter Dial Snap Gauge xxxx 55.67 207 
B A Hasher,Thrust Thickness Dial Snap Gauge xxxx 54.97 2 J 0 
B A Follower Ass«. Diameter Dial Snag Gauge xxxx 58.72 218 
B A Eshaust Valve Diameter Dial Snap Gauge xxxx 63.27 223 
B A SbaftAssi.RkrAr« Diameter Dial Snap Gauge xxxx 52.32 236 
t A GearAssm.FuelPuap Diameter Dial Bore Gauge xxxx 50.52 241 
B A Hub,Fuel Pump Diaieter Dial Snap Gauge xxxx 50.37 244 
B A Basher,Thrust Thickness Snap Gauge xxxx 50.37 245 
B B Bushing,Sleeve Diameter Dial Snap Gauge xxxx 53.78 249 
B A Armature,Starter Diaieter Dial Snap Gauge xxxx 54.83 254 
8 B Ar nature,Starter Diaieter Dial Snap Gauge xxxx 38.83 255 
B C Armature,Starter Diameter Dial Snao Gauge xxxx 54.33 256 
B D Armature,Starter Diaieter Snap Gauge xxxx 38.83 257 
B F Armature,Starter Runout Surf Plate&V-Block xxxx 52.18 259 
B A Hasher.StarterArm. Thickness Dial Snap Gauge xxxx 48.45 263 
B M Basher,StarterPin. Thickness Snap Gauge xxxx 49.62 268 
B A Shaft,ShiftLever Diaieter Dial Snap Gauge xxxx 49.55 273 
B B Bushing,Bearing Diameter Dial SnaD Gauge xxxx 49.55 276 
B A Hub,Blo»erDrGear Diameter Dial Bore Gauge xxxx 45.51 281 
B A Hasher,Thrust,BIDr Thickness Dial Snap 6auge xxxx 49.41 2S6 
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Table 5.10 (continued) 
CoMonälity flna!vsJ5 

VIDEO 

06/24/33 
Sorted-by: SAKD,Inc 

Apdi"   REF :te'.. Characteristic Method of • Gauging Approach        Derived 
-Inspection VSELSD Priority 

2631.79 

RECORDS SELECTED  4S 
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Table 5.11 

Cowionalitv Analysis 

VIDEO - STAGE 

06, 
5üf 

14/83 
ted bv:U 

GARD, i 
Page No.  1 

pit iu    REF Itea Characteristic Hethod of Gauging Approach Derived Seccrs 
Inspection VSELSO 

A 
Priority NuiPer 

A K Crankshaft AssSi. Radius Radius Sauge xx 58.04 25 
H B Block Assi. Diameter Dial Bore Gauge xxx 60.52 4 
ft K Block Ass». Diaieter Dial Bore Sauge Hi 59.67 10 
A P Block Ass«. iJiaieter of C'Bore Dial Bore Sauge XXX 60.79 14 
" C Rod Assi.Pisto,-, Length Surface Plate xxx 58.24 28 
A 3-91; i   Asse«bly of Engine Concentricity Dividing Head xxx . 67.22 133 
B B Foil oner Assn. Diaieter Dial Snap Gauge XXX 57. B? 219 
B D Eihaust Valve Thickness Scale XXX 62.03 226 
8 A LeverAssi,Starter Bia«eter Plug Gauge XXX 43.65 270 
A • *A Crankshaft Ass«. Diaaeter Hicroieter xxxx 63.48 16 
A «B Crankshaft Ass«. Diaieter Hicroieter xxxx 61.55 17 
A *C Crankshaft Assa. Roundness Hicroieter xxxx 55.39 13 
A *D Crankshaft Ass«. Taper Hicroieter xxxx 55.83 19 
A E Crankshaft Ass». Runout Surf PlatiV-Block xxxx 58.46 20 
A 6 Crankshaft Ass«. Diaieter Hicroieter xxxx 51.46 22 
A A Rod Ass«,Piston Diaieter Dia! Bore Sauge xxxx 56.36 26 
A A Piston Assa Diaieter Hicroieter xxxx 56.44 31 
A A Sleeve,Cvl.Liner Diaieter Hicroieter xxxx 56.57 36 
A A Caishaft Assa.Left Diaieter Hicroieter xxxx 59.23 44 
A B Caishaft Ass».Left Diaieter Hicroieter xxxx 56.97 45 
A C Caishaft Ass«.Left Runout Vee Block,Surf Pit xxxx 61.44 46 
A A Camshaft Ass»,Rght Diameter Hicroieter xxxx 59.23 49 
A B Caishaft Assi,Rght Diameter Hicroieter xxxx 56.97 50 
A C Caishaft As5»,Rght Runout Surf PlateH'-Block xxxx 61.44 51 
A u Cvlinder Head Assi Thickness Hicroieter xxxx 53.51 60 
B A Basher Thrust,C'Sft Thickness Dial Snac Sauce xxxx 54.50 197 
E A Hub,Idler Bear Diaieter Dial Snap Sauge xxxx 53.13 203 
E A UaäherThrust, Idler Thickness Dial Snap Sauge xxxx 49.80 205 
8 A Pin.Piston Diaieter Dial Snap Gauge xxxx 55.67 207 
B A Hasher,Thrust Thickness Dial Snap 6auge xxxx 54.57 216 
B A Follower Assä. Diaseter Dial Snap Gauge xxxx 56.72 218 
B A Exhaust Valve Diaieter Dial Snap Gauge xxxx o3.27 223 
E A BhaftAssii.RkrArt Diaseter Dial Snap Sauge xxxx 52.32 236 
B A GearAssi,FuelPuip Diaieter Dial Bore Gauge xxxx 50.52 241 
e A Hub,Fuel Pun? Diaieter Dial Snao Gauge xxxx 50.37 244 
B A Hasher,Thrust Thickness Snap Gauge xxxx 50.37 245 
E B Bushing,Sleeve Diaieter Dial Snap Gauge xxxx 53.78 249 
B A Ar»aturE,Starter Diaieter Dial Snap Gauge xxxx 54.33 254 
B B Arsature,Starter Diaieter Dial Snao Gauge xxxx 38.83 i55 
B C Anature,Starter Diaieter Dial Snap Sauge xxxx 54.83 256 
B f Ariature,Starter Diaieter Snap Sauge xxxx 38.83 257 
B F Anature,Starter Runout Surf PlatefcV-Block xxxx 52.18 259 
B A Hasher,StarterAr«. Thickness Dial Snap Gauge xxxx 48.65 263 
B A Hasher,StarterPin. Thickness Snap Gauge xxxx 49.62 266 
B A Shaft,ShiftLever Diaieter Dial Snap EaugE xxxx 49.55 273 
B B Bushing,Bearing Diaieter Dial Snao Gauge xxxx 49.55 276 
B A Hub,BloNerDrGear Diaieter Dial Bore Gauge xxxx 45.51 28: 
B A Basher,Thrust,BlDr Thickness Dial Snap Gauge xxxx 49.61 286 

53 



VIDEO - STAGE 
Table 5.11 (continued) 

Coiflonality Analysis 

RECORDS SELECTED  48 

54 

SARD.Inc. 
Fäoe No.  2 

Cnäracteristk    Method of     Bauqing Approach   Derived      teoro 
Inspection        väELSO      Priority      Number 

A 

2631.79 



06/24/3: 
Sorted bv: 

Table 5.12 
Caflnorialitv Analysis 

ELECTRONIC 

SARD, ill 
Psoe do.  i 

nod: .    REF He« Characteristic Method of- 
:,',5oection 

Gauging Approac" 

'vSELSD 

Derived 

F'rioritv 

H B Block Assi. Flatness Strtedee&Feeler i     ' 42.13 
A L Block Asss. Flatness StrtedgeiFeeler X 42.13 
A E Block Asss,. uiaiieter D1&1- Bore Gauge A 60.01 
A p t-: 10CK AsSfi. Ciaiett- Diai Bore Gauge X sO.Ci 
A. G Flock Assi. Taper of Bore Dial Bore Gauge >, 4B.95 
A H BIeck ASSB. Roundness of Bore Dial Bore Gauge s u4. u5 
A i Block Ass&. Diaieter Dial Bore Gauge A 59,22 
A L Block Ass«. Diaaeter Disl Bore Gauge X 58.5! 
A 11 Block Asss. Flatness of C'Bore Depth Bore Gauge 4 41.79 
A N Block Asss. Depth of C'Bore Depth Gauge X 60.0! 
A Q Block Assn. Diaaeter Dial Bore Gauge X 56.33 
A E Rod Ass«.Piston Straightness Surface Plate X 60.74 
A B Pi Eton Assri Diaeeter Dial Bore Gauge X 60.16 
A B Sleeve.Cyl.Liner- Diaaeter Dial Bore Gauge X 56. SB 
A C Sleeve.Cyl.Liner Roundness Dial Bore Gauge X 61.48 
A D Sleeve,Cyl.Liner Taper Dial Bore Gauge X 59.19 
A B Cylinder Head Assa Flatness Strghtedge&Feeler X 51.25 
A C Cylinder Head Ass» Flatness StrghtedgeiFeeler X 51.00 
A 3 Cylinder Head Ass« Diaseter of C'Bore Dial Bora Sauge X 66.45 
A E CvSinder Head Ass» Diaaeter of CaaFol Plug Gauge X 64.41 
A 3-51:1 Assenblv of Engine Backlash Dial Indicator X 65.68 
H 3-74b Asseibly of Engine Fit Nicroaeter I DBG X □3.41 
A 3-75dl Assenbly of Engine End Plav Dial Indicator X 52.50 
A 3-76b Asseablv of Engine Depth Depth Gauge X 56.67 
A 3-80b Asseibly of Engine Backlash Dial Indicator X 50.70 
A 3-S0c4 Asseibly of Engine Depth Dial Indicator X 67.22 
H 3-9kl Asseubly of Engine Backlash Dial Indicator X 65.68 
E A Gear,Tiaing,C'Shft Diaseter Dial Bore Gauge X 50.55 
B A GearAssa.Idler Diaeeter Dial Bore Gauge X 53.26 
B C Foil oner Assi. DiaaetricCiearance Feeler Gauge X 55.14 
6 D Follouer Assi. Clearance, Side Feeler Gauge X 55.20 
B A Guide,Poppet Valve Diaaeter Dial Bore Gauge X 63.28 
B A Bushing,Sleeve Diaieter Dial Bore Gauge X 55.48 
B E Aroature,Starter Depth Depth Gauge X 39,72 
B A Drive,StarterPin. Diaieter Dial Bore 6auge X 49.68 
9 A Bushing,Bearing Diaieter Dial Bore Sauge X 49.71 
B B Support,BlONerDr. Diaaeter Dial Bore Gauge X 63.61 
H B Rod Ass»,Piston Diaieter Dial Bore Gauge XX 56.36 
B A Bearing Sleeve Diaieter Dial Bore Gauge XX 55.05 
S A GearHeiicaHC'Sft Diaieter Diai Bore Gauge XX 56.46 
B A GearHelical.C'Sft Diaaeter Dial Bore Gauge XX 56.46 
B A Ar» Ass«,Valve Rkr Diaaeter Dial Bore Gauge XX 55.57 
B A Ar« Ass«,Valve Rkr Diaseter Dial Bore Gauge XX 55.57 
B A An Ass«, Diaieter Dial Bore Gauge XX 52.35 
E A Housing,Starter Diaeeter Dial Bore Gauge XX 53.81 
B A Frame Ass«,Co«End Diaieter Dial Bore Gauge XX 50.50 
B B 6ear,Helix,BIDr Diaaeter Dial Snap Gauge XX 51.56 
H D Block Ass«. Diaaeter Dial Bore Gauge XXX 60.52 
A K Block Assn. Diaieter Dial Bore Gauge XXX 59.67 
A F Block Ass«. Diaieter of C'Bore Dial Bore Gauge XXX 40.79 
A C Rod Ass«,Piston Length Surface Plate XXX 58.24 
A 3-91c4 Assembly of Engine Concentricity Dividing Head XXX 67.22 

Record 

NiiiCer 

6 
7 
8 
9 

II 
12 
13 
15 
30 
32 
39 
40 
41 

55 
56 
57 

185 
1B6 
1B7 
189 
150 
191 
195 
199 
220 
221 
228 
248 
256 
265 
275 
280 
27 

208 
210 
211 
230 
231 
238 
247 

251 
285 

4 
10 
14 
28 

183 

55 



Sorted bvlüü 

Table 5.12 (continued) 
Coiionaüty Analvsis 

ELECTRONIC 

CARO.lr.i: 
Page No.  2 

Apia.   REF Itei? Characteristic 

A 

A 

A 

A 

A 

A 

A 
A 

A 

A 
A 

A 
A 

A 

*A 

»B 
•C 
fD 

E 

5 
■ A 

A 
A 

A 

Follower Assi. 

Exhaust Valve 

Leverfiss».Starter 

Crankshaft Assn. 
Crankshaft Ass«. 

Crankshaft Assi. 
Crankshaft Ass». 

Crankshaft Ass». 

Crankshaft Ass«. 
Rod Ass«,Piston 
Piston Asss 

Sleeve,Cvl.Liner 
Caishaft Ass«,Left 
Caishaft Assi,Left 
Caishaft Assn.Left 
Camshaft Assi.Rght 
Caishaft Assi.Rght 
Caishaft Assi.Rght 
Cylinder Head Ass« 

HasherThrust,C'Sft 
Hub,Idler Bear 

NasherThrust,Idler 
Fin,Piston 
Basher,Thrust 
Follower Ass». 
Exhaust Valve 
ShaftAssi.RkrAn 
GearAssii.FuelPuip 
Hub.Fuel Puip 
Masher,Thrust 
Bushing,Sleeve 

Armature,Starter 
Ariature,Starter 
Araature,Starter 
Ariature,Starter 
Ariature,Starter 
Hasher,StarterArm, 
Washer.StarterPin. 
Shaft,ShiftLever 
Bushing,Bearing 
HubjBlDnerOrGear 
Washer,Thrust,BlDr 

Diajieter 

Thickness 
Diaieter 

Diaieter 
Diaieter 

Roundness 
Taper 

Runout 
Diaieter 

Diaieter 

Diameter 
Diaieter 
Diaieter 
Diaieter 
Runout 
Diaieter 
Diaieter 
Runout 
Thickness 
Thickness 
Diaieter 

Thickness 
Diaieter 
Thickness 
Diaieter 

Diaieter 
Diaieter 
Diaieter 
Diaieter 
Thickness 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Diaieter 
Runout 
Thickness 
Thickness 
Diaieter 
Diaieter 
Diaieter 
Thickness 

Method of. 
Inspection 

Dial Snap Sauge 
Scale 

Plug Gauge 

Microieter 

Micrometer 
Microieter 

Microieter 

Surf PlaUV-Block 
Microieter 
Dial Bore Sauge 
Microieter 
Microieter 
Microieter 
Microieter 
Vee Block,Surf Pit 
Microieter 
Nicroieter 

Surf F'lateW-Block 
Microieter 
Dial Snap Sauge 
Dial Snap Gauge 

Dial Snap Sauge 

Dial Snap Gauge 

Dial Snap Sauge 
Dial Snap Gauge 
Dial Snap 6auge 
Dial Snap Sauge 
Dial Bore Gauge 
Dial Snap Gauge 
Snap Gauge 
Dial Snap Gauge 
Dial Snao Gauge 
Dial Snap Sauge 
Dial Snap Gauge 
Snap Gauge 

Surf PlateW-BIock 
Dial Snap Gauge 
Snap Gauge 

Dial Snap Gauge 
Dial Snap Gauge 

Dial Bore Gauge 
Dial Snap Gauge 

Gauging Approach 
VSELSO 
A 

AXX 

XXX 
XXX 

XXXX 

xxxx 
XXX): 

xxxx 
xxsx 
»XXX 

xxxx 
xxxx 
xxxx 
xxxx 
xxxx 

■xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xnx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 
xxxx 

Derived 
Priority 

57.89 

62.03 

43.65 

63.48 

61.55 
55.39 

55.83 
58.46 
51.46 

56.36 

56.44 
56.57 
59.23 
56.97 
61,44 
59.23 
56.97 
61.44 
53.51 
54.50 
53.13 
49.80 
55.67 
54.97 
58.72 
63.27 
52.32 
50.52 
50.37 
50.37 
53.78 
54.83 
38.83 
54.83 
38.83 
52. IB 
48.65 
49.62 
49.55 
49.55 
45.51 
49.61 

5202.73 

Record 
Nufiber 

219 

226 

270 
16 
17 

18 
19 

20 

26 

31 
38 
44 
45 
46 
49 
50 
51 
60 
197 
203 
205 
207 

216 
213 
^23 
236 
241 
244 
245 
249 
254 
255 
256 
257 
259 
263 
26B 
273 
276 
281 
286 

RECORDS SELECTED  94 

56 



06/24/83 
Sorted bv 

Table 5.13 

Cononality Analysis 
LASER 

GAF.D,lnc. 
Page No.  1 

fipd;i .    REF Itei Characteristic Method of 
Inspection 

Gauging Approach 
VBELSO' 

A 

Derived 
Prioritv 

A E Rod ASM, Piston Diaieter Dial Bore Gauge XX 56.36 

B A Bearing Sleeve Diameter Dial Bore Gauge XX 55.05 

B A GearHelical.,C'Sft Diaieter Dial Bore Gauge ~xx 56.46 
a A GearHehcal,C'Sft Diaieter Dial Bore Gauge xx 56.46 

E A Ar« Ass*.Valve Rkr Diaieter Dial Bore Gauge IX 55.57 

B A Ar« Assi.Valve Rkr Diaieter Dial Bore Gauge n 55.57 

E A Ar« Assi. Diaieter Dial Bore Gauge xx 52.35 

B A Housing,Starter Diaieter Dial Bore Gauge XX 53.31 

B A Frate Assi,CoiEnd Diaieter Dial Bore 6auge XX 50.50 

B B Gear,helix.BIDr Diaieter Dial Snap 6auge XX 51.56 

A iA Crankshaft As si. Diaieter Hicroieter XXXX 63.4B 

A «B Crankshaft Assi. Diameter Microieter xxxx 41.55 

A «C Crankshaft Assn. Roundness Iticroieter XXXX 55.39 

A «B Crankshaft Assn. Taper Microieter xxxx 55.83 

fi E Crankshaft Assi. Runout Surf PlatW-Block xxxx 5B.46 

A S Crankshaft Asss. Diaieter Hicroieter xxxx 51.46 

A A Rod Assi,Piston Diaieter Dial Bore Gauge xxxx 56.36 

A A Piston Ass» Diaieter Microieter xxxx 56.44 

A A Sleeve,Cyl.Liner Diaieter Hicroieter xxxx 56.57 

A A Caishaft Ass»,Left Diaieter Microieter xxxx 59.23 

A B Caishaft Asss.Left Diaieter Hicroieter xxxx 56.97 

A c Camshaft Ass«.Left Runout Vee Block.Surf Pit xxxx 61.44 

A A Caishaft Assi.Rcht Diaieter Microieter xxxx 59.23 

A B Caishaft Asss,Rght Diaieter Microieter xxxx 56.97 

A C Caishaft Assi,Rght Runout Surf PlateiV-Block xxxx 61.44 

A G Cylinder Head Ass« Thickness Microieter xxxx 53.51 

B A HasherThrust.Cr3ft Thickness Dial Snap Gauge xxxx 54.50 

B A Hüb,Idler Gear Diaieter Dial Snap Gauge xxxx 53.13 

B A tlasherThrust.Idler Thickness Dial Snap Gauge xxxx 49. SO 

B A Pin,Piston Diaieter Dial Snap Gauge xxxx 55.67 

B A Hasher,Thrust Thickness Dial Snap Gauge xxxx 54.97 

B A Foil oner Ass*. Diaieter Dial Snap Gauge xxxx 59.72 

B A Exhaust Valve Diaieter Dial Snap Gauge xxxx 63.27 

B A ShaftAssi.RkrAn Diaieter Dial Snao Gauge xxxx 52.32 

B A 6earAssi,FuelPuip Diaieter Dial Bore Gauge xxxx 50.52 

B A Hub,Fuel Puip Diaieter Dial Snap Gauge xxxx 50.37 

B A Hasher,Thrust Thickness Snap Gauge xxxx 50.37 

B B Bushing,Sleeve Diaieter Dial Snap Sauge xxxx 53.78 

B A Ariiature, Starter Diaieter Dial Snap Gauge xxxx 54.83 

B B Anature,Starter Diaieter Dial Snap Gauge xxxx 3B.83 

B C Anature, Starter Diaieter Dial Snap Gauge xxxx .    54.83 

B C Ar lature,Starter Diaieter Snap 6auge xxxx 3B.83 

B F Anature, Starter Runout Surf Plate&V-Block xxxx 52.18 

6 A Hasher,StarterArs. Thickness Dial Snap Gauge xxxx 48.65 

B A Basher.StarterPin. Thickness Snap Gauge xxxx 49.62 

B A Shaft,BnittLsver Diaieter Dial Snap Gauge xxxx 49.55 

B B Bushing,Bearing Diaieter Dial Snap Gauge xxxx 49.55 

B A Hub,Blo*er!!r6ear Diaieter Dial Bore Gauge xxxx 45.51 

B A Dasher.Thrust. BIDr Thickness Dial Snap Gauge xxxx 49.61 

Record 
Nuiber 

203 
210 
211 
230 
231 
23B 

247 
251 
285 
16 
27 

18 
19 
20 
22 
26 
31 
38 
44 
45 
46 
49 
50 
51 
60 
197 
203 
205 
207 
216 

213 
223 
236 
241 
244 
245 
249 
254 
255 
256 
257 
259 
263 
268 
273 
276 
281 
286 

57 



Table 5.13 (continued) 
Commonality Analysis 

LASER 

06/24/83 
Sorted by: 

GfiRD.Inc. 
Page No.     2 

fipdK.   REF Itei Characteristic     '     Hethoo of Gauging Approach       »erjved Record 
Inspection        VSELSQ      Priority      Hunter 

2647.43 

REC0R5S SELECTED      49 
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Table 5.14 SURFACE 

Comonality Analysis 

06/24/83 
Sorted bv: I 

Apd*. REF Itei Characteristic llethod of 
Inspection 

A   *F Crankshaft Assi, Surface Finish Surface Analyzer 

6ARD,Inc 
Page No.  1 

Bauging Approach 
'VSELSO 

A 

Derived 
Priority 

Record 
tiuiber 

X 54.9B 

54.98 

21 

RECORDS SELECTED   1 
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Using the new Relative Total Priority values, a technique ranking 

analysis was performed for the measurement techniques (Figure 5.2). An 

explanation of the column headings is provided in Figure 5.3. The rank- 

ing analysis indicates that the electronic measurement technique is the 

leading candidate on which to base the dimensional gauging system for the 

6V53 engine. 

To complete the gauging system analysis it was necessary to consider 

several other factors: 

a) What happens if we add a second measurement technique to "backup" 

the electronic technique? 

b) Can a non-electronic technique combination do better than the 

electronic technique by itself? 

c) Can any of the measurements made by the electronic technique 

be better performed by one of the other techniques? 

Backup Technique 

It was desirable to determine the effect of adding a second gauging 

technique to the primary (Electronic) gauging technique, the first step 

in such an analysis is to determine the increase in percent of total priority 

coverage due to the additional technique. The results: 

Added Coverage/Backup Technique 

Backup Technique 

Video or Video Stage 

Surface 

Laser 

Increase In Percent Of Total Priority 

+1 percent 

+1 percent 

+0 percent 
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Measurement Time - The time needed to perform the required measurement. 

Since each gauging technique is,in effect,instantaneous, this time 
is dependent upon mechanical handling of the gauging sensors (camera 
laser, or electronic gauge)/parts. Comparing typical high precision' 
mechanical movements, such as would be required by video/video-stage 
and laser techniques, with typical robot movements, which would be ' 
used with electronic gauging, the speed of movement ratio is in favor 
of robotic movements. 

Mobi11ty - The mobility of the entire system (configured to perform the 

maximum number of possible measurements) based upon a combination of 
physical weight of the system and size of the system components. 

Percent Total Priority - The percent of the total priority of the applicable 

measurements on the 6V53 engine which can be performed by the particular 
gauging technique. p 

Environmental Compatibility - How readily the components, of which the 

particular system is comprised, can be made compatible with the 
required operating environment. 

Adaptability - How readily a particular system can be adjusted (or modified) 

to perform new measurements or to perform required measurements on new 
parts. 

Ease of Use - How easily a system could be used by typical inspection personnel. 

This includes system operation, measurement interpretation, and set-up. 

Probability of Success - The best evaluation of the system's probability of 

accomplishing its intended function. This is based upon current commercial 
practice, new product awareness, conversation with suppliers, and 
engineering estimates. 

System Cost - The cost of reproducing the entire system, after initial develop- 

ment, for a particular gauging technique. 

Figure 5.3  Explanation of Variable Factors Used For 
Gauging Technique Analysis 
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As shown, the addition of a second gauging technique to the electronic 

technique would provide little gain in percent of total priority covered. 

In retrospect, this could be expected since the electronic approach does 

almost all the weighted measurement priorities by itself (98 percent). 

Non-Electronic Combination 

Of interest was whether the other available combinations (ones not 

using the electronic technique: video or video-stage and laser) would be 

more beneficial in percent of total priority covered. The result of such 

an analysis shows that this combination covers 60 percent of the total priority 

(at more than 50 percent additional costs, relative to the electronic approach). 

Thus, other gauging technique combinations would not provide the amount 

of coverage that electronic gauging can provide by itself. It is therefore 

not practical to consider their use. 

Alternate Techniques 

A final question to be answered is: can any of the measurements performed 

by Electronic techniques, be better done by video or laser techniques? 

"Better", in this case,is defined as higher speed or lower cost. 

More accuracy or resolution do not contribute to "better" since they 

add nothing as long as electronic techniques have met this requirement. 

Both video and laser techniques have inherently higher measurement speed 

implementability than electronic techniques. However for this specific 

application such high measurement speed is not an advantage in and of 

itself. Further, such a speed advantage cannot be practically used 

due to multi-part fixturing constraints. As to lower costs, both video 

and laser techniques inherantly use more sophisticated sensing/processing 
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than electronic techniques and thereby will be more costly to implement. 

Therefore, it was concluded that in this application there would be no 

cases where video or laser-based system can perform a particular measure- 

ment better than a electronic-based system. 

In retrospect, the automatic gauging system for the the 6V53 engine 

must make high resolution, low volume, static measurements on large rugged 

parts; this is what electronic gauging technology has been designed to 

perform. Video and laser gauging techniques are mainly designed for high 

resolution, high volume, dynamic measurements on small/delicate parts. 

Thus, while in some cases of this application,video or laser gauging can 

provide measurement results similar to electronic gauging, it is not 

unreasonable to find that there are no apparent cases where they provide 

"better" results. 

Our analysis leads to the conclusion that the automatic depot level 

gauging system to be developed should exclusively employ electronic gauging 

(using robotic handling per our system concept). The Preliminary System 

Design Definition based upon this approach was developed and is described 

in the next section. The Final System Design Definition for the prototype 

system is described in Section 8. 
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6.0 PRELIMINARY SYSTEM DESIGN DEFINITION 

A preliminary design of the Mobile Automatic Gauging System (MAGS) was 

developed using robotic handling of a precision electronic gauging device 

as evolved in Section 5, the final design will be presented in Section 8. 

The System is shown in Figure 6.1, with a block diagram of the System in 

Figure 6.2. The robot arm is mounted in an overhead position to provide 

maximum flexibility of motion and is shown gripping an electronic gauging 

device which generates dimensional data for interpretation by the system 

computer. 

All of the electronics are housed in the heavy duty cabinet. On the 

opposite side of the control panel is the small parts mounting surface 

which consists of a matrix of tapped holes and threaded shafts providing a 

universal mounting arrangement for smaller parts. Large parts, such as the 

block, are placed on the inclined plane in the center of the cart. All 

parts are held in position by gravity, thereby precluding the need for 

clamping-type fixtures. 

Major System Modules 

System Computer:   Controls the overall operation of the gauging system. 

Major functions include: 

1) Implementation of operating system program 
2) Command of robot computer 
3) Command of gauge interface 
4) Interpretation of gauge data 
5) Correction of gauge data 
6) Control of disk/tape storage system 
7) Control of CRT monitor 
8) Control of printer 
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Robot - Is used as a reprogrammable manipulator which moves the gauging 

device through a variable programmed motion for the performance of a dimen- 

sional measurement task. 

Gauge Interface - Receives the primary electrical signal from the 

gauging device and converts it into a form suitable for use by the System 

Computer. 

Gauging Device - Converts the physical dimension of the measurement into 

an electrical signal. The device is physically mounted on the wrist of the 

robot arm and is electrically connected to the gauge interface. The concep- 

tual device contains six electronic non-contact sensing elements mounted on 

two posts (Figure 6.3), one of which is movable, the other stationary. This 

design replaces the large number of discrete gauging devices (^30-40) which 

would be needed to gauge all applicable measurements in Contract Appendices 

A & B. This device contains electronic sensors which are capable of .00005" 

resolution, and is motorized for automatic operation. The preliminary 

conceptual design shows a maximum measurement length of approximately 6". 

This covers all of the expected applicable measurements in Appendix A, 

except for the length of the Piston Connecting Rod (8.8 in.). The types of 

measurement which can be performed include: outside diameter, inside 

diameter, depth, thickness, taper, flatness, runout, and concentricity. 

To perform outside diameter measurements, the inside pair of electronic 

sensors are used. For inside diameter measurements, the outside pair of 

electronic sensors are used. Depth and thickness measurements will be made 

by using the bottom sensors on the gauging device in a differential mode 

(i.e., measuring the distance between two surfaces). Roundness and taper 

are calculated from a series of diameter measurements. Flatness will be 
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Figure 6.3 Conceptual Electronic Gauging Device 
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measured by the device if the surface gauged is referenced to a second 

surface (i.e., flatness of the counterbore, more properly called paral- 

lelism). Non-referenced flatness measurements (such as the top surface 

of the block) will use a differential technique using a reference bar 

placed on the top surface. Runout could be obtained by using one sensor, 

which monitors a surface in motion; however, this would require a motorized 

fixture, which is not included in this system definition. 

Concentricity could be measured, but since this measurement is not 

included in Appendix A, and since it would be an added expense to implement 

(due to a special gauge) it is not included in this system definition. 

Peripheral Modules: 

Keyboard - Mainly used by engineering personnel for reprogramming of the 

system. Normally not used by operating personnel; probably hidden in final 

system configuration. 

Keypad: Primarily used by operating personnel for selecting system 

functions. 

CRT - Used to display set-up/dimensional values and operators' "menu". 

Printer - Provides a hard-copy of data. 

Disk/Tape - Used as a mass storage device. It contains the system 

program's, inspection procedures, and measurement data. 

Functional Description 

System Operation (Operating Personnel Level) 

The operator will first set-up the system (if it has been moved) by 

locking it in place through the use of self-contained, spring-loaded 
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pedestals on the cart. Next, the operator will connect power to the system 

and energize it, at which time the system computer performs an auto-start. 

After a short warm-up period, the system is ready to operate. The typical 

sequence of operations during use of the system follows: 

1. The operator loads the part to be gauged on the large or small part 

mounting surface. 

2. The operator picks the part name from a menu shown by the system 

computer on the CRT, and enters the corresponding part name line 

number via a keypad. 

3. The system computer loads the necessary gauging procedure into its 

memory and the robot computer memory. 

4. The operator pushes the 'start' button. 

5. The system computer sends the start command to the robot computer. 

6. The robot system "sets" the gauging device, calibrates it, 

and places it in/on the item to be measured. 

7. The gauge interface sends the dimensional information to the 

system computer. 

8. The system computer performs any necessary corrections 

and stores the adjusted dimensional data. 

9. Steps 6-8 are repeated until all applicable measurements have 

been performed on the item. 

10. When the inspection is complete, the operator is informed of the 

accept/reject decision. If desired, the actual dimensions can be 

shown on the CRT and/or printer. If the next item is the same 

as the previous one, the gauging sequence can be repeated by pushing 

a "repeat" button. 
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System Operation (Engineering Personnel Level) 

The proposed system will be programmable to allow engineering personnel 

to add new part inspection procedures and modify pre-programmed accept/ 

reject criteria (assuming the new part will fit on either mounting surface 

and that the proper gauging device is available). The programming would be 

in two steps, first the motions of the robot are programmed, then the 

dimensional accept/reject criteria and part information are entered. 

The robot is controlled by the robot computer, which is programmed to 

command the robot arm to automatically repeat a specified series of move- 

ments. The robot is taught a new procedure by leading it through the 

operating sequence by means of a hand-held control box (teach pendant): 

the robot is led through each step, and the motion is recorded in memory 

at the end of each movement. 

Next, the new part information (such as part number, name, tolerances, 

etc.) will be entered into the system via a computer keyboard. The system 

computer will then use this information, along with the robot's movement 

program, to create a file for the new part. The file will then be saved on 

a mass storage device, such as floppy disk or tape. In the future, when 

the part is inspected, the system computer will call this file and have all 

the necessary information to perform the inspection. 

If only the accept/reject criteria need to be modified, it will be 

a simple matter to edit the file with the system computer. 

Calibration 

In order to insure consistent and accurate dimensional measurements, 

the proposed system will use an "in-process" calibration technique. Each 
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time the gauging device is reset to a new dimension, it will be placed on 

the proper calibration standard before performing the measurement on the 

actual part. This allows the system computer to 'zero' the gauging device 

and to correct for any variations in the output signal. 

The calibration standards will consist of 1) a series of rings stacked 

in a pyramid for O.D. calibration, 2) a similar series of rings for I.D. 

calibration and 3) a step block for depth calibration. Changes in ambient 

temperature will effect both the standards and the measured item equally, 

therefore, a natural dimensional compensation occurs for environmental 

temperature variation. 

System Performance Parameters 

1.  Inspection System Mobility 

Requirement:  One operator shall be able to move the system throughout 

the production facility and set up the equipment for 

inspection operation within 30 minutes. 

Discussion:   This requirement addresses: (1) the physical movement 

of the system and (2) the time required to set up the 

system for operation. 

(1) The proposed system is mounted on a wheeled cart, 

similar to the type of cart already in use at Red 

River Army Depot. The maximum weight of the system 

(unloaded) would be approximately equal to the 

standard RRAD cart with two engine blocks (less than 

1000 lb). Therefore, the system would be as easy 

to move as the carts are in current practice. 
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(2) Once the system is moved into position, the operator 

would then lock the cart in place (~ 1 min), connect 

power to the system (~ 2 min), energize the system 

(~ 1 min), and allow for stabilization (~ 10 min). 

In total, about 15 minutes or less should be re- 

quired to ready the system for operation. 

Speed of Measurement 

Requirements: The automated measurement shall reduce the inspection 

time by a minimum of 50% of the current inspection time. 

Discussion:  There are three elements which contribute to the in- 

spection time: (1) set-up (part/gauge), (2) movement 

of the gauge device, and (3) reading of the gauge device. 

(1) The set-up time of the proposed system to perform a 

particular type of measurement will be kept to a 

minimum because special fixtures and clamping devices 

are not needed. The parts to be measured are held in 

place by gravity rather than by mechanical force. 

As the parts are placed on the system they are 

automatically positioned due to the design of the 

inspection areas. Therefore, no extra time is 

needed to position the parts in the system. 

(2) Movement of the gauging devices will be performed 

by the robot and end effector. The robot arm can 

consistently move at speeds of about 50 to 100 

inches/second, thereby providing enough speed to 

contribute to reduction of the current inspection 

time. 

(3) Current reading of the gauge device consists of the 

operator visually interpreting the dimensional 

readout of the device. The proposed system would, 

in effect, instantaneously read the device, since 

the output is an electronic signal. 
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3. Accuracy 

Requirement:  Accuracies contained in the Contract's Appendices A & B 

must be met. 

Discussion:   The majority of the measurements in Appendices A & B are 

specified to a resolution of .0001 inch, a few to .001 

inch. In order to insure accurate dimensional measurements 

at the required resolution, the gauging device used for 

this system will read to the nearest .00005 inch, which 

is consistent with American Design Standards. 

4. Measurement Programmability 

Requirement:  Assuming that the existing automatic gauging system can 

be used to inspect a new required measurement, the system 

shall be programmable by engineering personnel to allow 

addition or changes to inspection software accept/reject 

criteria. 

Discussion:   The proposed system's software will be designed to allow 

modification of the accept/reject criteria. At this time 

it is intended that both the gauging procedure software 

and the accept/reject criteria will be recorded on floppy 

disk or tape cartridge and engineering personnel will 

have access to the files via the System Computer. 

5. Operational Environment 

Requirement:  The proposed system shall be capable of operating in a 

manufacturing environment such as that encountered at 

RRAD, where large variances in ambient temperature, 

50°F to 110°F, humidity and air dust content occur. 

Discussion:   All components selected for the proposed system will 

be of industrial quality. The robot is designed for 

use in harsh environments; the gauging device will be 

designed for ruggedness. All electronic components will 

be mounted inside a heavy duty sealed enclosure. 
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TACOM concurred with the concept design definition with the following 

comments: 

a. Approximately 6" dimension, Figure 6.3, should be approximately 

10" to accommodate future dimensioning requirements. 

b. Temperature compensation (alternate methods should be considered). 

c. Memory storage (PROM or hard disk storage should be considered). 

The above (and other changes) are addressed in the Final System Design 

Definition (Section 8). 
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7.0 KEY ELEMENTS 

Key elements (critical subsystems) of the Mobil Automatic Gauging System 

(MAGS), as described in the approved Preliminary Design Definition, have been 

identified as the gauging device, dimensional reference standard, robot, and 

the main computer. This section discusses these key elements. 

7.1 Electronic Gauge 

To determine state-of-the-art in electronic gauging devices, a review 

was made of current technical literature and suppliers' catalogs. After this 

review, selected suppliers were contacted. From the information received, 

it was found convenient to separate electronic gauging techniques into two 

categories: contact and non-contact. The contact techniques operate by the 

interaction of a mechanical device which touches the object being measured 

with a electronic (or sometimes optical) transducer which converts the me- 

chanical displacement into an electrical signal proportional to the amount 

of displacement. Normally, a unique measuring device is needed for each 

measurement size. All of the precision non-contact devices reviewed work 

by converting the physical displacement of the transducer (probe) from the 

surface of the test object into a useable electronic signal. 

Both of the above-mentioned techniques can perform the 

dimensional measurements to the required accuracies. It was decided to 

concentrate on the non-contact approach because of the large number (30-40) 

of contact measuring devices which would be required to do all the 

applicable measurements on the 6V53 engine and its components. The 
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non-contact probe has the advantage of being mountable in a "universal" 

fixture which could be used for a variety of different measurement sizes 

and types. 

GARD found three major suppliers of non-contact gauging probes: 

ADE Corporation, Mechanical Technology, Inc., and HiTEC Corporation. From 

the technical literature available and extensive phone conversations, the 

system manufactured by HiTEC was judged to have the best technical approach 

for our application. A trip was made by the COTR and the GARD Project 

Engineer to HiTEC Corporation for a demonstration of their electronic gaug- 

ing equipment. The results of the demonstration showed a high probability 

that their system could perform to the requirements of this project. 

Principal of Operation 

The HiTEC electronic sensors are non-contacting, linear, rugged devices 

which accurately measure displacement of the sensor from a conductive surface. 

The probe consists of a sensor (center capacitor) surrounded by a cylindrical 

guard ring (Figure 7.1). A thin layer of insulation separates the sensor 

from the guard. The guard ring is also insulated from ground. The sensor 

is wired to the center electrode of a coaxial cable assembly and the guard 

ring is connected to the shield. The shield must be insulated because it 

is driven at the same voltage as the sensor. The principle of operation is 

to measure capacitive reactance, Xc, between the sensor and ground. Unlike 

capacitance, C, which is a non-linear function of displacement, capacitive 

reactance is a linear function. 
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From basic physics, 

(1)   X   = 
1 

C        27TfC 

also 

(2)    C = EA 
4TTD 

C = capacitance 

f = frequency 

E = dielectric constant 

A = area of capacitor 

D = Distance between plates 
(displacement) 

K = a constant 

Substituting C in equation (1) yields 

X. = c  2uf EA 
4irD 

Since f, E, A and IT are held constant. 

X„ = KD. c 

Hence capacitive reactance is a linear function of the distance between 

sensor and ground. 

For this relationship to hold, frequency must be constant. The instru- 

mentation employs a crystal oscillator, similar to that used in precision 

time pieces, for this purpose. 

As the distance between the sensor and ground increases, fringing effects 

increase and can cause non-linearity. To prevent this, a guard ring, driven 

at the same potential as the sensor, provides a uniform electrostatic field 

between sensor and ground. The guard ring extends the linear range of the 

probe. 
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The instrument amplifier produces an analog voltage proportional to 

the distance between the sensor and an electrically conductive surface 

connected to ground. The capacitive reactance between sensor and ground 

is measured with the use of an A.C. constant current source and a low 

capacitance voltage pre-amplifier that measures the voltage drop between 

the sensor and ground. The voltage between sensor and ground is propor- 

tional to the capacitive reactance, which in turn is proportional to the 

distance between sensor and the measuring surface. Synchronous detection 

is employed to rectify the measured A.C. voltage, which is filtered to 

produce an average DC voltage proportional to displacement. 

Range vs. Sensitivity Trade Off 

Some applications require maximum probe range while others require 

maximum sensitivity. The instrumentation has built into it gain control 

to adjust sensitivity and range suitable for most any given application. 

But there is a trade-off: to obtain maximum sensitivity, range must be 

sacrificed. In any event, the selected instrument can be within .02% accuracy 

and have infinite resolution over any selected range. 

Dual Probe Measurements 

Because of the linearity, the probes can be used in pairs with outputs 

added or subtracted within the instrument. A dual channel instrument uses 

one oscillator for both channels to minimize cross talk from closely spaced 

sensors. 
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To receive a meaningful response from HiTEC on their ability to fabri- 

cate a probe configuration designed for this application, it was necessary 

to develop a specification defining our needs. The specification 

(Appendix B) was sent to HiTEC. Their positive response to it allowed 6ARD to 

pursue preliminary experimental evaluation of the HiTEC gauging approach 

within the Phase I scope of work. The successful results of the evalua- 

tion are described in Section 7.5. 

7.2 Reference Standard 

The MAG System concept requires a dimensional reference standard to 

assure the accuracy of the measurements performed. In operation, the MAG 

System makes a non-contact reading on 6V53 engine/components and translates 

the reading into a dimensional measurement by use of a precision reference 

standard. The reference standard could simply be a series of precision 

gauge blocks, but it is more desirable (and practical) to have a variable 

"universal" reference standard which does not require a large number of 

precision blocks be supplied with the System. 

To evaluate the practicality of such a variable universal reference 

standard, a version consisting of a precision motor-controlled single-axis 

motorized slide mechanism and a high-resolution optical readout scale (with 

associated electronic readout) was concepted. The "heart" of this reference 

standard would be a "Heidenhain" linear scale. This scale has 20 millionths 

of an inch (0.000020 in.) accuracy, which is five times more than required 

System accuracy. In operation, the HiTEC electronic probes (preset after 

gauging the part of interest) are positioned relative to a moveable "target" 

on the reference standard. The position of this target is monitored by the 
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Heidenhain scale. A drive motor slowly moves the target while the system 

computer monitors the electronic signals from both the Heidenhain scale 

and the electronic probes. When probe target position readout matches the 

stored probe part dimension readout, the Heidenhain output provides accurate 

part dimensioning. 

Evaluation criteria for the described concept included environmental 

compatibility, setting speed, accuracy of readout, weight, and required 

maintenance. A discussion of the criteria relative to this concept follows. 

Environmental Compatibility 

All components must be compatible with the Depot environment. A manu- 

facturer of such a slide mechanism (Velmax) stated that there is no practical 

low temperature limit, but the high temperature limit is approximately 100°C 

(212°F). The slide mechanism can be covered by a bellows-type waycover to 

protect the ways and slider gibs. The permissible ambient temperature range of 

the Heidenhain scale is 32 degrees to 140 degrees F, and the mechanism is protected 

from dust and dirt by an aluminum housing and rubber seal. Both items (slide 

mechanism and scale) meet the requirements of environmental compatibility. 

Setting Speed 

During a dimension transfer operation, it is desirable to have a large 

dynamic speed range: high speed for coarse positioning and low speed for fine 

positioning. A motor controller and lead screw will allow movement speeds 

from .25-125 in/min (a 500:1 range). This range is more than adequate. 

Weight 

It is desirable to keep the weight of the reference standard at a 

minimum. The combined weight of such a slide mechanism and scale is 

approximately 6 pounds. This weight is much less than the total weight 

of a set of discrete reference standards. 
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Required Maintenance 

Required maintenance must be kept at a minimum. The only required 

maintenance of the reference standard system is a yearly check to make 

sure the ways of the slide mechanism are lubricated. 

This concept for a highly accurate practical reference looked promising. 

It was within the scope of work on this Phase of the project to perform some 

preliminary experimentation with key elements of this concept in conjunction 

with some of the HiTEC equipment. Successful results are described in 

Section 7.5. 

7.3 Robot 

To help determine the potential applicability of each of the many 

robots which are currently available, the first step was to produce a 

list of performance requirements by which to judge each robot. 

Performance Requirements 

• Pay!oad - The robot must be capable of handling a payload 

(motorized gauging device) weighing approximately 5 lbs. 

• Accuracy - The repeatable positioning accuracy within the 

inspection volume shall be ±.004 inches or better. 

• Environment - The robot shall be capable of operating on a 

typical "shop floor", where airborne dust and fumes can occur. 

t  Temperature - The robot shall be capable of operating over the 

range of 50°F - 115°F. 

• Weight - The total robot package (arm and electronics) shall 

be less than 300 lbs. 
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• Inspection Volume - The robot shall be capable of reaching any 

point in the inspection volume. 

• Movements - The robot shall be configured with the necessary 

movements to allow the gauging device (approximately 15-17 in. long) 

to perpendicularly approach any given plane within the inspection 

volume. 

• Robot Control - The robot's computer shall be controllable by 

a external host computer. The robot's computer shall also be 

capable of uploading and downloading programs with the host 

computer acting as the mass storage device. 

• Robot Mounting - The robot shall be capable of operation in an 

overhead position. 

• Programming - The robot shall be programmable via a handheld 

"teach pendant". 

• Miscellaneous - It is desirable (but not necessary) that the robot 

be powered from a standard electrical supply (110/220V AC). 

Commercially available robots were reviewed with the above criteria. 

The most likely candidate found was a robot and controller from United States 

Robots (a Square D Company) called the "Maker 100". The COTR and GARD's 

Project Engineer arranged for a demonstration of the robot's capabilities 

at the United States Robot facilities in King of Prussia, Pennsylvania. 

The results of this demonstration showed that the Maker 100 was a good 

candidate for inclusion in the final system design definition. 

Because of the high cost of robots ($30K-$100K) it was not practical 

to perform in-house testing during this Phase of the project. However, 
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the simulated engine inspection routines performed by the Maker 100 during 

the demonstration at United States Robots assured a high probability of it 

successfully performing the robotic requirements of our gauging system. 

A photograph of the Maker 100 Robot from United States Robots is shown in 

Figure 7.2. 

7.4 Main Computer 

The MAG System design uses the main computer to interface with and 

control the robot computer, the electronic gauging subsystem, and the 

reference standard subsystem. It is necessary that the computer contain 

software development facilities, hardware expandability, and a bus struc- 

ture which allowed a modular expansion and I/O approach. Many 

commercial computers could perform this function. A literature evaluation 

was performed, and as a result,the Approach II STD BUS development system 

(Micro Link Corporation) was selected for this application. Various criteria 

were considered in arriving at this selection. The following paragraphs 

discuss these criteria with respect to the Approach II system. 

Availability of Interface and Accessory Cards 

Because the Approach II computer is based on the STD BUS concept, cards 

are available from a large number of second sources, as well as from Micro 

Link. The type of cards available include analog and digital I/O,RAM, 

hard disk interfaces, modems, CPU, and many others. 

Ease of Expansion 

Once again, since this is a STD BUS computer, cards are simply plugged 

in or out. No hardware modification is required. 
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Figure 7.2 The "Maker 100" Robot from United States Robots 
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Enviornmental Compatibility 

The computer is required to operate in the typical Depot environment. 

The hardware in the Approach II is rated for an ambient temperature range 

of 0 - 50 degrees C (32 - 122 degrees F). If the present mass storage 

configuration (floppy disks) were to be retained, additional protection 

would have to be provided to insure no dust or dirt could reach them; 

however, in the current prototype MAG system design an alternate form of 

mass storage will be used. 

Serviceability 

Servicing is straightforward. A defective board is unplugged and 

replaced. 

SOFTWARE 

Program Development Facilities 

Ideally, a program development environment for the gauging system 

would allow high level programming for faster program development as well 

as facilities for low level routines (high speed data acquisition and 

transfer). The Approach II system possesses a FORTH language development 

system which is designed for real-world control and interfacing. The 

system also contains a monitor program in firmware which is useful during 

debugging. 

Ease of Incorporating New Hardware 

A software development system should incorporate new hardware without 

requiring major software changes. The Approach II system contains sub- 

routines which allow hardware addition (I/O, A/D, etc.) with little 

software change. 
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Speed 

Often in real-world situations, speed of the software (and hardware) is 

critical. The FORTH software generated with this system runs at near 

assembly language speed: it also has the advantage of faster software 

development time when compared to assembly language. 

7.5 Evaluation 

The most critical aspect of the MAG System is the selected 

electronic gauge and its interaction with the concepted reference 

standard. For this reason, a series of tests were run to evaluate key 

components of the gauge and reference standard with respect to our prime 

concerns of dimensional measurement repeatability, accuracy, reliability, 

and stability. 

Repeatability 

The intent of the repeatability test was to determine the consistency of 

the HiTEC hardware readout. This would be determined by seeing if the output 

readings from HiTEC's electronic gauging system could remain constant if the 

object being measured was repeatedly placed in and out of the measuring 

field of a dual probe set-up. 

To simulate a typical measurement, which would be required of the final 

System, two HiTEC probes were put in a holding fixture in a configuration 

applicable for O.D. measurement (Figures 7.3 and 7.4). A 2 inch calibration 

block (Grade 3, actual size 2.000000 in. -3x10  in.) was guided into the 

measurement field through the use of precision guides in order to ensure 

repeatable mechanical positioning of the block. 
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The test procedure used was: first the calibration block was carefully 

put in the measurement field, next the summed output reading of the probes 

recorded, then the calibration block was carefully removed. This procedure 

was repeated over 50 times. The actual outputs from the HiTEC System were 

3.484 volts ±.001 volt (0.03484 inches ±0.0000± inch). The output did not 

vary by more than ±0.001 volt (±0.0000± inch) for any of the readings. 

Accuracy 

The purpose of these tests was to verify that the electronic gauging 

subsystem could be capable of accurate readings over its planned operating 

range (0.050 inches) at the supplied hardware resolution; a digital meter 

with 0.001 volts resolution (i.e., a 0.00001 inch) was used. 

A Heidenhain scale and readout Were used as a reference in the testing. 

The Heidenhain system used had a calibration data traceable to NBS and 

accurate to ±0.5x10  inches. It had a readout capable of 0.00005 inch 

resolution. 

The set-up used is shown in Figure 7.5. The graph shown in Figure 7.6 

provides an overview of the theoretical response of the probe as a function 

of distance from a target. This theoretical response was tested at three 

points: 0.005 inch offset, 0.025 inch offset, and 0.500 inch offset. 

The procedure used was to first mechanically "zero" the probe by butting 

it up against the target and at that point set the Heidenhain output to 

zero. Then the appropriate mechanical offset was added by moving the slide 

mechanism (0.005 in., 0.025 in., or 0.050 in.). Once the probe was at the proper 

offset point, it was stepped in increments of 0.00005 inch over a range of 

0.001 inches, and the output from the probe recorded for each step. The 

raw data from each test is shown in Figure 7.7. 

92 



QJ 

5> 
s- 
3 o o 

<c 
s- 
o 

-a 
CU 
to 

-p 
QJ 

ID 

93 



C 8- i— 
_J o 

DC 
O 
«/> z 
LÜ 
(/> 
CD 

CD 

s 
o 

o 

.020 
T 

.100 .040      .060      .080 

DISTANCE FROM THE REFERENCE SURFACE (in.) 

A = Theoretical maximum measurement range (.100 in) 

B = Maximum range to be used for each sensor in MAG System (0.050 in) 

C = Position shown in Figure 7.8 (0.005 in. offset) 

D = Position shown in Figure 7.9 (0.025 in. offset) 

E = Position shown in Figure 7.10(0.050 in. offset). 

Figure 7.6 Theoretical Response of the Gauging Probe as a Function 
of Distance from the Reference Surface 

94 



=3 O   C 
0- O   0 |_     . ._ 
=> O  *J 
O           3 

UJ i/i o 
CQ   4J    1/1 
O —   V 
or o cc 

H o- > 
LU ■*-^ 

10 

in cc «i •- m m 
vo vo r-. oo oo co 
o   o   o   o   o   o 

.-   in   oo   r- 
o    o    o    i- 

CM in o t^ ,— NO O -3- <n rr\ 
CM CM m m -a- -3- in in in vo 

ininininininininintnininininininininininin 

in 
I- 0-— 
z o c 
UJ o o 
s: o — 
UI  • 4-> 
CJ O 3 
< -~z J in O 
a. 0) in 

-on: 
Q C 

o in o mo mo m o mo mo mpinomomo oO"-"-cM«Mmrn-a--*inmvOvor^r~.oooocngr\o 
oooooooooooooooooooo;- mmmmmmmmmmmmmmmmmmmmm 
ooooooooooooooooooooo 

D o c 
0- o 0 
1- ■ => o JJ 
o 3 

UJ l/l 0 
m 4-> 1/1 
o r— o> 
o= o o: 
a. > 

inincoN'-KiNcimioiAmNisijoO'-tf-JflO' vor».t=»oocrio^oo — '-cMcMpncnj-jrmmxOvor^ 
mmmmmm\0\ONOvO\OvOvOvOvO\ovOvOM3vOvo 
CMCMCMCMCMCMCMCMCMCMCMCMCMCMCM CM      CM      CM     CM     CM 

i? 
ro 
5- 
3 
U 
u 

m 
CM 
o 

m 
I- o<^ 
z o c 
ui o o 
s: o — 
UJ •   4-> 
O O   3 < .— 
_i in 0 
a. a> in 
■/> .C   4) 
— o ££ 
a c 

omomomom 
oo — '-cMCMmm 
ininininininin-d* 
CMCMCMCMCMCMCMCM 
oooooooo 

in 
in   m   m 
CM     CM     CM      CM 
o    o    o    o 

o m o in o m o 
__r"-r».ooooo>i0"\0 
inmmmmmmmvo 
CMCMCMCMCMCMCMCMCM 

o   o   o   o   o   o 

mom 
m   NO    NO 
in   ~~     " 

■o 
m 
o 
a> 

o 
o 
IS 
+-> 
to 
Q 

s 
<o 

=3 O a. o 
3 O W 
O 3 

ui in 0 
o y in 
O — 4) 
ce oce 
a. > 

in »— j* N vo T- in •£" ov »— CM NO CM NO -a- co 
j-mmvo\or^r~oooocr>oo — >-cMcM 
mmmmmmminmmvDvOvOvOvONO 

m   r—   r~»   o   m 
m   rn   -a-   m   m 
NO    vO    NO    NO    NO 

0) 
i. 
D5 

m 
o in 
o 1- Or~- • z o c 
o UJ o  0 

s: o — 
UI      •   4-> 
O O   3 <   .— 
j in o 
a. « m 
i/> .c  CJ 
— o cc 
a c 

omomomomomomomomomomo 
50'~X-cMcMf<-icnj--a-mmNONor-.r-.eoeocriqjo 
mmmmmmmmmmmmmmmmmmmmNO 
ooooooooooooopoop 
ooooooooooooo o o 

o 
o 

o o o 
o o o 

95 



Before the experiment began, an attempt was made to linearize the response 

of the probe over a 0 to 0.050 inch range. However, since the linearization 

was not absolute, a linear regression line was calculated and plotted for 

each set of data. The formula used calculating the linear regression line 

was: 

y ■= b • x + (y -b • x) 

Ex. 
where        x = 

n 

Ey 

and b = 

n 

E(x.- x)y. 

EU.-*)2 

The results of these calculations(in original units) are: 

0.005 in. offset: y = 116.&Xx - 0.0009v 

0.025 in.offset: y = 102.4^ x + 0.0016v 

0.050 in.offset: y = 100.6j^- x - .0004v 

From the above values, it can be seen that although the theoretical 

value of the slope should be the same in each case, (per manufacturer's 

information) it is not. This small non-linearity does not present a major 

problem (it could be compensated for in software). However the manufacturer 

of the probes (HiTEC) has been notified and is investigating. 

Graphs of the raw data, regression lines, and maximum allowable error 

band are presented in Figures 7.8 through 7.10. 
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To evaluate the recorded data at each offset range, the raw data was 

compared to a perfect response (regression line). The technique used was 

to calculate the Standard Error of Estimate. This technique compares the 

actual data to the predicted perfect response of the system and is based 

upon the following formula: 

where   y. is the actual value 

/v. 

y. is the predicted data 

and     n = the number of data points. 

The results of these calculations (in original units) are: 

0.005 in. offset: s = 0.0015 volt which is equivalent to 0.00001 inch 

0.025 in. offset: s = 0.0016 volt which is equivalent to 0.00002 inch 

0.050 in. offset: s = 0.0014 volt which is equivalent to 0.00001 inch. 

These standard error of estimate values show that the errors between 

actual system response vs. theoretical perfect system response are negligible 

therefore providing confidence in the use of the non-contact probes and 

associated electronics. 

It could be noted that some of the individual measurements shown in Figures 

7.8, 7.9 or 7.10 are inaccurate to 1/2 the System allowable errors. However 

we currently feel that much of these individual error variances are due to the 

manual method of measurement and our visual interpretation of the Heidenhain 

digital readout incrementation. 
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Stability 

The stability of the electronic probes is important because the MAG 

System will depend upon the probes (and associated electronics) to hold a 

measured dimensional value until that value can be transferred to the ref- 

erence standard. 

To test the stability the probe was held in a stationary fixture looking at 

a fixed target. The output from the probe system was converted to a dimension 

and the dimension was recorded at 30 minute intervals over a period of 

approximately 12 hours. The results of this test are shown in Figure 7.11. 

As can be seen, the recorded dimension remained the same for the first 6-1/2 

hours, changed by 0.0001 inch at 7 hours, then once again returned to its 

original value for the remaining 6-1/2 hours. 

Since the MAG System is intended to transfer the measurement in seconds, 

the results of this test show more than adequate stability. 

The effect of changes in humidity and air currents was investigated and 

the results showed that as long as the change in humidity was non-condensing, 

there was no detremental effect. Air currents had no effect on dimensional 

readings. 
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HITECLOG 
ok 
20 FEB 1984  15:42 
0.0285 

20 FEB 1984  16:12 
0.0285 

20 FEB 1984  16:42 
0.0285 

20 FEB 1984  17:12 
0.0285 

20 FEB 1984  17:42 
0.0285 

20 FEB 1984  18:13 
0.0285 

20 FEB 1984  18:43 
0.0285 

20 FEB 1984  19:13 
0.0285 

20 FEB 1984  19:43 
0.0285 

20 FEB 1984  20:13 
0.0285 

20 FEB 1984  20:43 
0.0285 

20 FEB 1984  21:13 
0.0285 

20 FEB 1984  21:43 
0.0285 

20 FEB 1984  22:13 
0.0284 

20 FEB 1984  22:43 
0.0285 

20 FEB 1984  23:13 
0.0285 

20 FEB 1984  23:43 
.0.0285 

20 FEB 1984  00:13 
0.0285 

21 FEB 1984  00:43 
0.0285 

21 FEB 1984  01:13 
0.0285 

21 FEB 1984  01:43 
0.0285 

21 FEB 1984  02:13 
0.0285 

21 FEB 1984  02:43 
0.0285 

21 FEB 1984  03:13 
0.0285 

21 FEB 1984  03:43 
0.0285 

21 FEB 1984  04:13 
0.0285 

21 FEB 1984  04:43 
0.0285 

Figure 7.11  Results of the Long Term Stability Test Showing 
Date, Time and Dimension 
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8.0 FINAL SYSTEM DESIGN DEFINITION 

This section will present GARD's Final System Design Definition for 

the prototype Mobile Automatic Gauging System. The final prototype design 

is based upon the knowledge gained from all of the previous analyses, 

evaluations, and technical discussions between GARD, TACOM, and RRAD. 

The side view and end view of the MAG System are shown in Figures 8.1 

and 8.2. As can be seen, the final MAG System design is similar to the 

preliminary conceptual system. A block diagram of the System is shown in 

Figure 8.3. 

All of the electronics for the MAG System are contained in the cabinet 

shown on the left side of the cart. The cabinet is facing the side of the 

cart to provide easy access to both the front and back doors as well as 

providing a convenient CRT display close to gauging area. 

The robot arm is mounted in an overhead position to allow a maximum 

use of the robot's work volume. The post to which the robot arm is attached 

is mounted on a mechanically actuated slide arrangement under the cart which 

automatically moves the post to the two operating postions of the robot. 

The mechanical actuator (such as an electric cylinder or air cylinder) holds 

the post against a fixed stop to insure positional accuracy and repeatability. 

These two positions allow the robot to reach all necessary parts of the 6V53 

engine block without having to manually move the engine block. The Heiden- 

hain reference standard is mounted in a position which allows the gauging 

head to reach it when the robot is in either position. An example of the 
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Figure 8.1  SIDE VIEW OF PROTOTYPE MAG SYSTEM 
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Figure 8.2  END VIEW' OF PROTOTYPE MAG SYSTEM 
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MAIN COMPUTER 

ROBOT SYSTEM AMPLIFIERS 

GAUGING PROBES 

MOTOR CONTROLLERS 

KEYBOARD/KEYPAD 

CRT 

MISC. I/O 
(A/D, D/A, BCD, etc.) 

TEMPERATURE SENSOR 

PRINTER 

MASS STORAGE 

Figure 8.3 MAG System Block Diagram 
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robot am positioning the gauging device at various parts of the block 

is shown in Figure 8.4. 

The cart will be designed for rigidity and minimum weight. The top 

surface of the cart will protect the post moving device and rails from 

accidental damage (such as dropping an engine block). Under the cart 

are three floor lock brakes which will be used to lock the cart in position 

and prevent rolling while the MAG System is in use. The use of three floor 

brakes will provide stability on uneven floors. 

8.1 Subsystem Description 

The MAG System consists of four major subsystems: gauging, reference, 

robot, and main computer . This section will provide detailed descriptions 

and technical information for each of these subsystems. 

8.1.1 Gauging Subsystem 

The Electronic Gauging subsystem was introduced in Section 7.1. 

This section will present details of the version which will be implemented 

in the prototype MAG System. 

The gauging "head" shown in Figure 8.5 consists of two probes (each 

containing three sensors), two stepper motors which are controlled by the 

main computer, and a mechanism which holds the probes and provides relative 

motion of the probes. The probes will normally operate'in pairs for such 

measurements as I.D., O.D., and depth. Individual outputs from the probes 

are available for use when required. 
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The amplifier used in conjunction with the capacitive displacement 

probes produces an output voltage proportional to the gap spacing between 

the probes and the target (object to be measured). The amplified signals 

from the probes are read by the main computer for processing. A functional 

block diagram of one pair of probes and associated amplifiers is shown in 

Figure 8.6. They are designed to produce stable and reliable operation 

with excellent gain and zero stability with respect to changes in ambient 

temperature. Stability is achieved with a digitally derived sine-wave 

oscillator, having a crystal clock oscillator as the frequency reference. 

Other features include snychronous detection, low drift operational 

amplifiers, and a modular power supply. The units also contain 

linearization circuitry and are self-powered, requiring only A.C. line 

voltage. 

The technical specifications for the gauging subsystem follow: 

Input Probe: 

Input Cable: 

Input Connector: 

Linear Range: 

Linearity: 

Measuring Surface: 

Probe Excitation 

Voltage: 
Frequency: 

Linearization: 

Capacitive Displacement Type. 

Low Noise Coaxial Cable, 100 percent shield 
required. Maximum recommended length, 30 feet. 

BNC type. 

50 mils as specified (with linerization) 
100 mils probable. 

± 0.02 percent of full scale. 

Electrically conductive (metallic). 

AC, proportional to Gap, 3V p-p max. 
15,625 KHz ± 0.01 percent. 

2 positive slope corrections with adjustable 
break-points and slope. 
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Analog Output: ± 10 volt signal, proportional to gap. 

Output Impedance: 100 ohms. 

Output Summing: (±A) +.(±B), ± .02 percent accuracy. 

Offset Adjustment -10 volts to +10 volts. 

Frequency Response: -3db at 200 Hz. 

Permissible Ambient     32°F tn  idn°F 
Temperature Range: ° 1W r* 

Permissible Relative    < 99 percent non-condensinq. 
Humidity: ~ 

Power Requirements:     105 to 130V AC,50-60 Hz. 

Physical Dimensions:    7 in. high, 19 in. wide,rack. 

Weight: 2.5 lbs each card (3 cards), plus 
5 lbs for rack. 

Controls 

All controls are located on the front panel. The controls are not 

available to normal operating personnel. 

The upper (left) half of the front panel controls on the dual 

channel models are devoted to all controls for the 'A' channel. The 

lower (right) half of the front panel has all 'B' channel controls. The 

only control (SUM OFFSET), that effects both channels is located on the 

center line dividing the upper from the lower half. The center line also 

acts as the reference for the mirror image arrangement of the 'A' and 'B' 

channel controls. Note that this arrangement permits symmetrical control 

grouping with an upside-down order for the 'B' channel. The following 

description of the control functions applies without exception to controls 

labelled the same way but located either in the 'A' channel of the 'B' channel 

The HI-L0 switch changes the probe excition current by a factor of 2 

from the low to the high position. Normally, this control is used in the 
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HI position with a sensor of the standard size. Smaller sensors will, 

in general, require the LO position. 

The +/- switch allows inverting the voltage output to produce a 

positive or negative voltage proportional to the space between the probe 

and target. 

The LIN-ON switch activates the linearization circuit. In the off 

position the switch makes the BRK1, LIN1, BRK2 and the LIN2 controls in- 

operative. 

The BRK1, LIN1 controls, as well as the BRK2, LIN2 controls are 

recessed behind the front panel. A small screwdriver is needed to operate 

these controls. They are active only with the LIN switch in the 'ON' 

position and activate a two break, positive slope function generator 

operating on the output signal. The circuit is used to linearize the 

capacitive probe characteristics. 

The GAIN control is a 10 turn potentiometer with a counting dial, 

permitting accurate gain settings. The counting dial divides each turn 

into 100 graduated positions permitting a resolution of 1000 to 1. The 

dial setting can be used to pre-set the gage calibration without a 

calibration procedure. 

The OFFSET control is a 10 turn potentiometer with a counting dial, 

similar to the GAIN control. 'Zero' offset is at a dial setting of 500 

(at the center of the 10 turn control). Above 500 the control adds a 

positive voltage to the output, proportional to the dial setting. Below 
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500 the control adds a negative voltage to the output. It does not effect 

the GAIN or linearization control settings.< The maximum offset attainable 

is plus and minus full scale (or 10 volts). 

The SUM OFFSET control (dual channels only) is similar to the 

individual offset controls for the two channels. It allows offsetting 

the summing amplifier up to plus or minus full scale. When used with the 

+/- switches, this feature allows direct measurement of thickness, inside 

diameters, outside diameters, slope, etc. 

Interfaces: 16 channel 12 bit analog to digital converter card to 

interface to STD bus (main computer) 

8.1.2 Reference Standard Subsystem 

The Reference Standard Subsystem will be based upon the system 

evaluated in Section 7.2. The two main parts of the System are a motorized 

slide mechanism and a precision Heidenhain incremental length measuring 

system (linear transducer and readout). 

The Heidenhain Transducer consists of a fixed glass scale (M2 in. long) 

and a moveable scanning head. The scanning head is connected to the move- 

able carriage portion of the slide mechanism. Mounted on the slide 

carriage are two metal blocks which are used by the gauging head as 

targets when transferring dimensions. 

During operation, the main computer controls the motorized slide which 

causes the scanning head to be guided along the glass scale. The light 

from long-life (^100,000 hours) incandescent lamps is passed through the 
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light transmitting zones of the incremental scale and onto the photo- 

detectors which are aligned in accordance with the scanning windows. 

Relative movement of the scanning head to the scale produces light-dark 

variations which are converted into sinusoidal signals by the photodetectors. 

Further processing of these signals is carried out within the readout unit. 

The signal from the readout unit is displayed on a digital LED readout and 

also converted into a Binary Coded Decimal (BCD) format for use by the 

main computer. 

The glass scale is provided with two absolute reference markings 

which enable re-establishing the reference datum after operational inter- 

ruption (such as power loss) and from day to day. 

The technical specifications of the reference standard subsystem 

follows: 

Linear Scale 

Measuring Length: 

Scanning Principle: 

Scale: 

Grating Constant: 

12 inch. 

Photo-electric, transmitted light. 

Glass scale section with DIADUR grating. 

20ym. 

Light Source: 

Scanning Elements: 

Pulse Shaping Electronics; 

Accuracy: 

Resolution: 

Reference Mark: 

Miniature lamp, pre-adjusted, 
5V/0.6W, average service life 100,000 hrs. 

Silicon solar cells in push-pull arrangement. 

Built into HEIDENHAIN counter. 

.00002 in/40 in. 

.00001 in. 

2 reference marks standard, each at 
1.4 in. from either end of measuring 
length. 
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Maximum Permissible 
Traversing Speed: 

No extension cable 
2m (6.7 ft.) extension cable 
7m (23.5 ft.) extension cable 
17m (57 ft.) extension cable 

Permissible Acceleration While 
In Operation: 

Required Feeding Power: 

Sealed Protection: 

Permissible Ambient 
Temperature Range: 

Coefficient of Linear 
Expansion 

Transducer Corrosion Protection: 

Storage and Transport Conditions: 

Permissible temperature 

Permissible acceleration 

Permissible shock load 

Output Signals of Transducer: 

Output Current: 

Permissible Relative Humidity: 

Maximum Permissible Deviation 
of Scanning Ratio: 

Phase Angle: 

Between both signals of 
incremental track 

Between 0 degree -signal 
and reference pulse 

Transducer Supply Voltage: 

Transducer Weight: 

Length of Cable on Transducer: 

Maximum Permissible Cable 
Length Between Transducer 
and Counter: 

(1,191 in.)/min. 
(945 in.)/min. 
(630 in.)/min. 
(354 in.)/min. 

98.4 ft./sec2. 

< 1.34 lb. 

IP 53 (DIN 40 050), if mounted 
according to instructions. 

32°F to 140°F. 

11 x 10*6 K"1. 

Anodized surfaces. 

4°F to 158°F. 

200 ft./sec.2. 
2 

656.2 ft./sec. , pulse duration 5ms. 

Two sinusoidal signals phase shifted 
90 degrees. 

9 to 13 uA at 1 kohm load (incremental 
track signals). 

1.5 to 5.5 yA at 1 kohm load (reference 
marking signals). 

<_ 95 percent non-condensing. 

± 15 degrees. 

90 degrees ± 10 degrees. 

45 degrees ± 30 degrees. 

5V for lamp. 

0.22 lb + 1.1 lb/40 in. 

10 ft. 

65 ft. 
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Readout 

Display: 

Reset: 

Preset: 

Counter Input: 

Supply Voltage: 

Power: 

Fault Detection Signal: 

Readout Units: 

Output Signal: 

Slide 

Material: 

Lead Screw: 

Motor: 

Length (dovetail base): 

Length (free travel): 

Way Covers: 

Permissible Ambient Temperature 
Range: 

Permissible Relative Humidity: 

7 segments. 

Manual and external input. 

Manual and external input. 

For two 90 degree phase shifted photo- 
element signals. 

115 VAC 50 Hz. 

~ 20 VA. 

Output signal available. 

Inch/mm switchable. 

BCD. 

Aluminum. 

Type 302 SS 3/8-40. 

DC motor/generator. 

21 in. 

184 in. 

Estane Bellows. 

32°F to 212°F 

< 95 percent non-condensing 

8.1.3 Robot Subsystem 

The robot is a versatile five axis manipulator with four rotary 

axes and one linear (telescoping) axis. High performance DC servo motors 

provide the force used for axis rotation and the telescoping action. The 

robot is constructed from aircraft aluminum for high strength and light 

weight. Robot components are replacable as modular units for ease of 

System expansion and servicing. 
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The robot controller (part of the robot package) will interface with 

and be commanded by the main computer. By itself, the controller is 

capable of storing 256 different robot programs. However in the MAG 

System, long term program storage will be handled by the main computer. 

Battery back-up in the controller prevents the current program from being 

lost in the event of power failure. Control features such as speed and 

time delay settings for each step and combination of straight-line, point- 

to-point, and continuous path motion furnish  flexibility. The controller 

will contain a buffered I/O module so that it can interface with the main 

computer. 

The primary method used to teach the robot required movements (at an 

engineering level) is the teach pendant. Simple pushbutton controls allow 

the operator to move the arm, teach new tasks, and modify old tasks. An 

integral digital display panel continually informs the operator of system 

status messages. 

Programming skills are not required to teach the robot new routines. 

Technical specification of the robot system follow: 

General 

5 Degrees of Freedom: 4 Rotary, 1 Linear 

Electric Drive 

Microcomputer Control 

Pushbutton Teaching 

24 Opto-Isolated I/O Lines 

Pneumatic Gripper Control 

Ceiling Mounting Capability 

8K Memory Standard (320 Steps) 
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Performance 

Maximum Load:     5 lbs. 

Repeatability:    ±.004 in. 

The maximum no-load speeds are: 

Joint 1  Base 1.5 rad/sec. (86°/sec). 

Joint 2  Shoulder 1.5 rad/sec. (86°/sec). 

Joint 3  Arm Linear 35 in/sec. (1.0 m/sec). 

Joint 4  Wrist Pitch 3 rad/sec. (172°/sec). 

Joint 5  Wrist Roll 2 rad/sec. (115°/sec.). 

Control Features 

Memory Storage for Programs 

Speed Setting 

Speed Scaling 

Time-delay Setting 

Straight-line Motion 

Point-to-Point Motion 

Continuous Path Motion 

Conditional/Unconditional Branches 

Input Sense and Wait 

External Output Control 

World, Tool, and Joint Modes 

Full Task Editing Using Teach Pendant 

Buffered I/O (Opto-isolated Interface) 

Environmental 

Permissible Ambient Temperature Range: 50°F to 115°F. 

Permissible Relative Humidity: < 95 percent non-condensing. 

Power Requirements 

100/117/220/240 VAC, Single Phase 50/60 Hertz, 500 Watts. 
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Physical 

Manipulator:    Weight       100 lbs. 
Mounting      Four 3/8 in. holes, 

on 7 in. dia. B.C.. 

Controller:     Weight       50 lbs. 
Mounting      Table Top (Rack Mount Optional) 
Size        17 in. w x 10 in. h. 

x 22 in. d. 
Cable Length   12 ft. 

Teach Pendant:   Weight       2 lbs. 
Size        5 in. w x 8 in. h 

x 2-3/44 in. d. 
Cable Length 12 ft. 

8.1.4 Main Computer Subsystem 

The Main Computer will coordinate all activities needed to perform 

the dimensional gauging tasks of the MAG system. It will control the 

robot, interpret data from the gauging sensors, and perform all operator/ 

engineering interfaces. The main computer will also provide the software 

development system needed during fabrication of the prototype MAG System. 

To perform all of its tasks, the main computer will require a number 

of I/O functions as well as permanent mass storage capability. The 

technical details of the main computer system follow. 

Main Computer 

CPU Card: RS232 serial port and programmable parallel port 
Real time clock/calendar with on-board back-up battery 
64K bytes DRAM and up to 16K bytes EPROM on board 
Four programmable timers 
Program controlled MEMEX and IOEXP signals 
DMA and multi-processing supported 
Z80 mode 2 interrupt controller 
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A/D Converter Card: 

D/A Converter Card: 

Digital I/O Card: 

CRT Controller Card: 

Peripherals 

Mass Storage: 

Printer: 

Temperature Sensor: 

Motor Controller: 

Display: 

12-Bit successive approximation conversion 
25 microsecond conversion time 
Input range to ±100 V 
Demand or continuous conversion selection 
16 channels available. 

12-Bit data conversion 
Up to three channels (fully independent) 
Bipolar outputs (± 10 volts max.) 
On-card precision voltage reference 
Choice of .1 percent or 1 percent accuracy. 

Two independent RS232C compatible channels 
Full programmable modern control provided 
On-board interrupt controller 
Fully software programmable to 19,200 BPS 
1/0 mapped. 

Extensive visual attributes 
Alphanumeric and block graphics 
Split screen and horizontal scroll 
Composite video or separate sync. 

Sealed hard disk 

Alphanumeric 

STD bus compatable plug-in 

STD bus compatable plug-in 

12 in. diagonal CRT 

Environmental 

Permissible Ambient Temperature Range:  32°F to 122°F. 

Permissible Relative Humidity: < 95 percent non-condensing. 

8.2 System Operation 

The MAG System is designed to function at two levels: operating and 

engineering modes. This section will present details for both modes of 

operation. 
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8.2.1 Operator Level 

As the name implies, the Operator (OPERATE) level is the one which 

will be used on a routine basis. At this level the MAG System will function 

as an automatic dimensional gauging system for pre-programmed parts. 

To use the MAG System the operator first moves the system to the 

location where it will be used. Next, he locks down the cart by using the 

built-in floor lock brakes, and "plugs in" to appropriate power. Once the 

system is turned on with a keyswitch, the main computer performs a self-boot 

routine and initializes the system (sets the reference standard, homes the 

robot, etc.). After a suitable warm-up period the operator is notified 

that the system is ready via a message on the CRT. At this time, the 

operator loads the part to be gauged onto the MAG System. 

After acknowledgement by the operator, the system will present a list 

of currently available part names and numbers which can be gauged. The 

operator selects the desired part from the list via a keypad. Once the 

main computer knows which part has been selected, it downloads the robot 

movement program from mass storage to the robot computer and retrieves 

tolerance information for the part. 

The main computer now performs two safety checks; it asks the operator 

if he is sure of his selection; if the answer is No the program returns to 

the start, if the answer is Yes the program proceeds to the next step. The 

operator is asked if the part is in its proper position for gauging and 

waits for an answer. If the answer is No the program returns to start, 

if Yes it proceeds to the next step. 
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The main computer commands the robot to move the gauging head to the 

first position and sets the sensor rods to the proper configuration. The 

output from the sensor rods is read and recorded, if more of the same size 

measurements are to be made, the System reads and records them. 

Next, the gauging head is moved to the reference standard where 

the main computer compares the recorded value from a measurement to the 

output signal from the gauging head while the reference standard is moving. 

When the two signals match, the dimension from the Heidenhain is read 

and recorded for that measurement. After the dimension is recorded, 

temperature correction is performed, if required. 

If additional measurements are to be performed on the part, the 

process is repeated as many times as necessary. Once all measurements 

have been made on the part, the results of the inspections are presented 

on the CRT (with printout optional). A conceptual screen presentation is 

shown in Figure 8.7. 

If more of the same type of part will be gauged, the System returns 

to the part of the program which waits until the operator positions the 

new part on the MAG System. 

A flowchart of the OPERATE mode is shown in Figure 8.8, the actual 

flowchart used for the prototype system will be modified so that the 

measured dimension is transferred to the Heidenhain reference standard 

after each measurement. 
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Figure 8.8   OPERATE Mode Flowchart 
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8.2.2 Engineering Level 

The engineering level mode of operation of the MAG System is not 

normally available for use by operating personnel. With the MAG System in 

this mode of operation, new robot procedures can be taught, tolerances can 

be changed, inspection procedures can be deleted, and current procedures 

modified. Because of this, the System will not enter the engineering 

mode of operation unless the proper key switch is activated. 

The engineering mode offers six (6) sub-modes of operation. They are: 

Add a new part, Modify existing part information, Delete a current part, 

List current parts, List All data for current parts, and exit. Each one 

of these sub-modes of operation is available from a list which is presented 

on the CRT screen. The following paragraphs describe in detail each sub- 

mode of operation. 

When engineering personnel want to Add a new part inspection 

to the MAG System the program will first prompt for the name of the part 

(such as piston, block, etc.). Next, the number and the type of each 

measurement (such as I.D., O.D., depth) is input. The system will then 

prompt entry of the tolerances for each of the measurements. Once all 

the information has been input via the keyboard, the program will present 

the information on the CRT and ask if there are any corrections. If there 

are corrections to be made, the program allows those corrections before 

proceeding. If not, it saves the data that was input. Next, a represen- 

tative part is placed on the MAG System. The MAG System then enters the 

robot movement teaching mode, which activates the teach pendant, which is 

used to move the robot and its gauging head. The robot movements are 
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directed and modified at this time until the correct gauging motion is 

developed. Once the operator notifies the MAG System that he is finished 

teaching the robot, the System stores all the necessary movement data for 

that part and returns the robot to the home position. 

To Modify current part data, such as name or tolerances, the main 

program prompts the operator for the name or number of the part. The main 

computer then retrieves current data regarding that part and shows it on 

the CRT. At this time the operator makes necessary changes. When finished, 

the program returns to the beginning of the engineering mode. 

To Delete a current part the main program prompts for the name or 

number of that part and then presents the current information. The opera- 

tor is asked if he is sure that he wants to delete this information. If 

the response is no, then the program returns to the beginning of the 

engineering mode; if the response is yes, all information relating to 

this part is erased. 

The List submode simply lists to the CRT or printer the names and 

numbers of all the currently available parts. The List All submode will 

list all part names and numbers and associated information (such as toler- 

ances) to either the CRT or printer. 

The last submode is Exit, which is available at any time, and simply 

returns the program to the beginning of the engineering mode. 

Flowcharts of these submodes of the engineering level are shown in 

Figure 8.9. 
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8.3 System Capabilities 

This section ties together the subsystems previously described and 

presents the intended capabilities of the prototype MAG system. These 

capabilities are based upon engineering evaluations and determinations 

performed during this phase of the project, and the capabilities of the 

subsystems. 

Environmental 

Permissible Operating Temperature Range: 50°F to 110°F. 

Permissible Relative Humidity: < 95 percent non-condensing. 

Measurement Range 

Inside Diameter Measurements: 

Outside Diameter Range: 

Depth/Thickness Range: 

Runout: 

Taper: 

Roundness: 

Flatness: 

^ 0.5 in. to * 10 in. 

^ 0.125 in. to ^ 9.5 in. 

0 in. to ^ 5 in. 

0 in. to ^ 0.0500 in. 

(calculated from I.D./O.D.) 

(calculated from I.D./O.D.) 

0.0001 in. to 0.0500 in. 
(dependent upon reference). 

0.0000 in. to 0.050 in. 

0.0001 in. 

0.00002 in. 

Backlash: 

Measurement Accuracy 

Measurement Resolution 

Applicable Measurements 

A listing of the measurements which the prototype MAG system is intended 

to perform is shown in Table 8.1. The majority (60 of 62) of the remain- 

ing measurements supplied as Contract Appendicies A and B are visual 
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04/12/84 Table 3.1   Applicable Measurements 6ARD 
Page No.  1 

Record Apdix Characteristic Item Method of Insp. Req. Insp.Req. DMBR unit 
No. Inspection Min Max inspection time (mini 

186 A End Play Assembly of Engine Dial Indicator .004 .011 6. CO 
187 A Depth Assembly of Engine Depth Sauge .0465 .0500 2.33 
189 A Backlash Assembly of Engine Dial Indicator .003 .007 6.00 
190 A Depth Assembly of Engine Dial Indicator .013 8.00 
191 A Backlash Assembly of Engine Dial Indicator .007 6.00 
230 B Diameter Arm Assm,Valve R>;r Dial Bore Gauge .8753 .8763 5.04 
231 B Diameter An Assm,Valve Rkr Dial Bore Gauge .3753 .8763 5.04 
238 B Diameter Arm Assm. Dial Bore Gauge .8750 .8760 5.08 
254 B Diameter Armature,Starter Dial Snap Gauge .5590 .5410 2.50 
255 B Diameter Armature,Starter Dial Snap Gauge .8225 .8240 2.50 
254 B Diameter Armature,Starter Dial Snap Gauge .6170 .6230 2.50 
257 B Diameter Armature,Starter Snap Gauge 2.1930 2.50 
258 B Depth Armature,Starter Depth Gauge .025 .032 5.28 
259 B Runout Armature,Starter Surf PlateW-Elock .0020 7.06 

2 A Flatness Block Assm. Strtedge&Feeler .0030 2.00 
3 A Flatness Block Assm. Strtedge&Feeler .0060 2.00 
4 A Diameter Elock Assm. Dial Bore Gauge 4.5235 1.90 
5 A Diameter Block Assm. Dial Bore Gauge 4.4900 1.90 
6 A Diameter Block Assm. Dial Bore Gauge 4.3595 1.90 
7 A Taper of Bore Block Assm. Dial Bore Gauge .0015 1.79 
8 A Roundness of Bore Block Assm. Dial Bore Gauge .0015 1.79 
9 A Diameter Block Assm. Dial Bore Gauge 3.7510 3.7520 2.60 

10 A Diameter Block Assm. Dial Bore Gauge 2.3750 2.05 
11 A Diameter Block Assm. Dial Bore Gauge 2.3650 2.05 
12 A Flatness of C'Bore Block Assm. Depth Bore Gauge .0010 2.74 
13 A Depth of C'Bore Block Assm. Depth Gauge .3000 .3020 2.74 
14 A Diameter of C'Bore Block Assm. Dial Bore Gauge 4.8200 4.8350 2.74 

15 A Diameter Block Assm. Dial' Bore Gauge 2.1B70 2.1B89 2.05 
208 B Diameter Bearing Sleeve Dial Bore Gauge 1.3760 1.3765 5.03 
248 B Diameter Bushing,Sleeve Dial Bore Gauge .6240 .6260 5.42 
249 B Diameter Bushing,Sleeve Dial Snap Gauge .7570 .7550 2.92 
275 B Diameter Bushing,Bearing Dial Bore Gauge .8335 .8355 3.00 
276 B Diameter Bushing,Bearing Dial Snap Gauge .9630 .9650 2.50 
16 A Diameter Crankshaft Assm. Micrometer 3.489 3.490 1.00 
17 A Diameter Crankshaft Assm. Micrometer 2.739 2.740 1.00 
18 A Roundness Crankshaft Assm. Micrometer .00025 1.00 
19 A Taper Crankshaft Assm. Micrometer .0005 1.00 
20 A Runout Crankshaft Assm. Surf PlatM-BIock .0030 4.33 
22 A Diameter Crankshaft Ass». Micrometer 4.0600 4.0610 1.00 
44 A Diameter Camshaft Assm,Left Micrometer 2.1820 2.1825 4.00 
45 A Diameter Camshaft Assm,Left Micrometer 1.1875 1.1880 16.00 
46 A Runout Camshaft Assm,Left Vee Block,Surf Pit .0020 11.91 
49 A Diameter Camshaft Assm,Rght Micrometer 2.1820 2.1825 4.00 
50 A Diameter Camshaft Assm,Rght Micrometer 1.1875 1.1880 16.00 
51 A Runout Camshaft Assm,Rght Surf PlatelV-Block .0020 11.91 
55 A Flatness Cylinder Head Assm StrghtedgeJiFeeler .0040 2.00 
56 A Flatness Cylinder Head Assm StrghtedgelFeeler .0050 2.00 
57 A Diameter of C'Bore Cylinder Head Assm Dial Bore Gauge 1.1590 1.1600 2.02 
58 A Diameter of CamFol Cylinder Head Assm Plug Gauge 1.0626 1.0670 2.03 
60 A Thickness Cylinder Head Assm Micrometer 4.3740 2.00 

265 B Diameter Drive,StarterPin, Dial Bore Gauge .6245 .6250 2.92 
223 B Diameter Exhaust Valve Dial Snap Gauge .2480 .2488 5.00 
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04/12/84 Table 8.1 (continued) BARD 
Page No. 

Record Apdix Characteristic Item Method of Insp. Req, Insp.Reg. DKMR unit 
No. Inspection Min Hax inspection Use fain) 

226 E Thickness Exhaust Valve Scale .031 5.02 
218 B Diaieter Follower Assi. Dial Snap Gauge 1.0600 1.0610 5.00 
219 B Diameter Follower Assn. Dial Snap Sauge .9070 .9020 5.00 
220 B DiaietricClearance Follower Ass«. Feeler 6auge .0013 .0021 2.00 
221 B Clearance, Side ' Follower Assi. Feeler Bauge .0110 .0230 2.00 
251 B Diaieter Fraie Assi,CoiEnd Dial Bore Gauge .5625 .5635 5.50 
195 B Diaieter Bear,Tiling,C'Snft Dial Bore Gauge 4.0580 4.0590 5.42 
199 B Diaieter GearAssn,Idler Dial Bore Gauge 2.1B60 2.1870 5.40 
210 B Diameter BearHelical,C'Sft Dial Bore Gauge 1.1865 1.1875 5.40 
211 B Diaseter BearHelical,C'5ft Dial Bore Gauge 1.1865 1.1875 5.40 
228 B Diameter Guide,Poppet Valve Dial Bore Gauge .2505 .2515 5.02 
241 B Diaieter BearAs5«,FuelPu»p Dial Bore Gauge 1.122 1.123 5.46 
285 B Diaseter Gear,Helix,BlDr Dial Snap Bauge 1.3995 1.4005 2.95 
203 B Diaieter Hub,Idler Gear Dial Snap Gauge 2.1825 2.1835 5.00 
244 B Diaieter Hub,Fuel Pump Dial Snap Bauge 1.1200 1.1205 5.00 
247 B Diaieter Housing,Starter Dial Bore Gauge .7490 .7500 3.00 
281 B Diaseter HubjBlowerDrSear Dial Bore Bauge 1.4010 1.4015 2.50 
270 B Diaieter LeverAssi,Starter Plug Gauge .5100 .5120 2.50 
31 A Diaieter Piston Assi Hicroieter 3.8699 3.8721 1.60 
32 A Diaieter Piston Assi Dial Snap Gauge 1.3775 1.3780 1.68 

207 B Diaieter Pin,Piston Dial Snap Gauge 1.3746 1.3750 2.00 
26 A Diaieter Rod As5«,Piston Dial Bore Gauge 1.6000 1.6010 1.34 
27 A Diaieter Rod Assi,Piston Dial Bore Gauge 3.0015 3.0025 1.34 
2B A Length Rod Assi,Piston Surface Plate B.8990 8.7010 4.43 
30 A Straightness Rod Assi,Piston Surface Plate .005 4.43 
38 A Diaieter Sleeve,Cyl.Liner Hicroieter 4.4850 4.4860 2.00 
39 A Diaseter Sleeve,Cyl.Liner Dial Bore Bauge 3.8797 2.02 
40 A Roundness Sleeve,Cyl.Liner Dial- Bore Bauge ,003 3.02 
41 A Taper Sleeve,Cyl.Liner Dial Bore Bauge .002 3.02 
236 B Diaieter ShaftAsss,RkrAn Dial Snap Gauge .8735 .8740 5.00 
273 B Diaieter Shaft,ShiftLever Dial Snap Gauge .4980 .5000 2.50 
280 B Diaieter Support,BlowerDr. Dial Bore Gauge 1.4050 1.4060 5.42 
197 B Thickness HasherThrust.C'Sft Dial Snap Gauge .119 .122 2.00 
205 B Thickness HasherThrust,Idler Dial Snap Gauge .1180 .1200 3.00 
216 B Thickness Dasher,Thrust Dial Snap Gauge .2080 .2100 2.50 
245 B Thickness Nasher,Thrust Snap Gauge .156 5.00 
263 B Thickness Hasher, StarterAn. Dial Snap 6auge .0570 .0670 2.50 
268 B Thickness Nasher,StarterPin. Snap Bauge .1800 .1960 2.50 
286 B Thickness Hasher,Thrust,BIDr Dial Snap Bauge .093 .103 2.50 
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inspection and as such will not be addressed by the MAG system and are not 

listed in this report. For each item listed in Table 8.1, information is 

included regarding the characteristic being measured, the current method 

of inspection, the required tolerances, and the amount of DMWR unit time 

allowed to perform each measurement. The data used to calculate the unit 

inspection time was supplied by RRAD. The formula used is shown below: 

nM,.n  -x •   4.-  4.-    (groups per set up)(performance time)+(set up time) 
DMWR unit inspection time = ^ K {tests performed)(groups per set up) 

Inspection Time 

The measurement speed of the prototype MAG system is primarily depen- 

dent upon how quickly the robot arm can move the gauging head to the 

proper position on an item. Since the MAG system does not yet exist, 

estimates were made based upon the following values: 

t Robot movement speed - 5 in./l sec.(derated from manufacturers' 

published maximum speed ^ 30 in./sec.) 

• "Settling" time (time allowed for mechanical settling of gauge 

head after placement) = 2 sec. 

t Measurement transfer time (average time needed to return gauging 

head to Heidenhain and transfer measurement) = 5 sec. 

In order to compare current inspection time with MAG system inspection 

time the times to perform applicable measurements of two items (the 6V53 

engine block and a piston) were compared. 

The applicable engine block measurements include: 2 transverse flat- 

ness, 2 longitudinal flatness, 6 top of bore diameter, S center bore 
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diameter, 6 bottom of bore diameter, 18 taper of bore, 18 roundness of 

bore, 4 crankshaft bearing housing diameters, 4 end bearing bore diameters, 

4 intermediate bearing bore diameters, 6 flatness of counterbore, 6 depth 

of counterbore, 6 diameter of counterbore, and 18 diameters of cam bear- 

ing. The total manual DMWR inspection time (Table 8.1) for measuring 

all applicable items on the block is 189 minutes (3 hours and 9 minutes). 

However it is possible that the roundness and taper measurements of the 

cylinder bore could be performed at the same time as the diameter measure- 

ments which would reduce the total time by 64 minutes giving a new total 

time of 125 minutes (2 hours and 4 minutes). 

To calculate the time required by the MAG system to perform the above 

measurements, a scale drawing was used and the total movement of the gaug- 

ing head (in inches) was measured and found to be^600 in. 

Using a speed of 5 in./sec, the total movement time then equals 

^ 2 minutes. The total time to transfer the 60 measurements equals 'v 5 

minutes. The total settling time for the 60 measurements equals ^2 

minutes. The total inspection time is then ^ 10 minutes. Allowing 

a safety factor of 5, the total measurement time is ^ 50 minutes. 

The comparison between current inspection time and expected MAG 

system inspection is 125 minutes versus 50 minutes (with a 5X safety 

factor). 

This comparison process was repeated for the applicable measurements 

on a piston. The results showed a DMWR inspection time of ^ 300 seconds 

(5 minutes) versus an estimated MAG system time of 135 seconds (with a 

5X safety factor). 
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The results of these measurement speed comparison provide confidence 

in the ability of the MAG system to reduce the current DMWR inspection 

times by 50 percent or more. 

8.4 Discussion 

System part holding fixtures are designed to mechanically provide 

exact and repeatable part placement relative to a selected datum point 

on the part. This fixturing approach allows us to provide a system with- 

out the added complexity of a part presence/orientation detection/com- 

pensation capability, and to eliminate potential measurement inaccuracy 

contributions from the resultant correction requirements. 

The design assumes the loci of the various measurements to be made on 

complex parts do not vary from part to similar part by more than ±0.01 

inches. (The reasonableness of this assumption could not be confirmed. 

Attempts by both the COTR and GARD to get dimensional drawings of the 

major assemblies of the 6V53 engine from both the manufacturer and RRAD 

met with failure.) Since this assumption can not be verified, the MAG 

system will approach each I.D. measurement with the probes moved together 

in a 'closed' position and approach each O.D. measurement with the probes 

in the 'open' position. This would provide maximum clearance between the 

probes and the object to be measured. Each measurement is transferred 

to the Heidenhain reference standard individually. 

The System is designed to repeatably place (±0.004 inches) the gaug- 

ing probes anywhere with its work volume, which allows measurements to be 

presented to, and made by, the electronic gauges well within their dimen- 
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sioning acquisition range of ±0.050 in. They actually leave a measurement 

readout range of ±0.036 in., without probe motion from a robotically pre- 

set position. This range well covers dimensionally acceptable tolerances 

(95 percent less than ±0.002 in. with the largest single one at ±.0075 in.) 

with a large amount of 'out-of range' (1700 percent in 95 percent of the 

cases and 380 percent in the worst single case). GARD checked with 

RRAD regarding the suitability of these out-of-range measurement capabili- 

ties. It was determined from this discussion that for almost all items, 

if the measured dimension was greater than 10 percent over/under tolerance, 

the item could not be reworked and there was no need for an exact measure- 

ment. With this in mind, the 380 percent (minimum) out-of-range capability 

appears to be more than adequate. 

Current plans are that the dimensional measurements within these 

pre-set acquisition ranges will be displayed to the operator (along with 

an accept/reject indication); readings outside this range will be shown 

as out-of-range HI or LOW. 

Preliminary discussion about safety with regards to the MAG system 

operation at RRAD have shown that to the best of RRAD's knowledge at this 

time no special precautions are necessary. However this issue will be 

further investigated during the second Phase of this project. 
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APPENDIX A 

IMPLEMENTATION PRIORITIZATION DATA (IPD) 

AS SUPPLIED BY RED RIVER ARMY DEPOT 
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APPENDIX B 

PRELIMINARY ELECTRONIC SENSOR 

SUBSYSTEM SPECIFICATION 
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TITLE  FUNCTIONAL EQUIPMENT SPECIFICATIONS FOR A MOTORIZED, TWO AXIS, NON-CONTACT 
GAUGING SYSTEM 

1.0 Introduction 

A. General Description 

The sensing system described in this specification will be used as 

a part of an automatic gauging system to measure dimensions of 

interest on machined steel parts (i.e., engine block, pistons, etc.), 

The types of measurements include inside diameter, outside 

diameter, depth of counterbores, and runout. 

B. Quotation Requirements 

1. Questions regarding this specification shall be directed to: 

GARD, INC., 7449 N. Natchez Ave., Niles, Illinois 60648, 

Attn: Michael Caines (312)647-9000. 

2. Quotation shall be based upon this specification. The cost of 

each item shall be provided for future system acquisition 

analysis purposes. 

1.1 General Requirements 

A. The Seller shall furnish a new gauging device system consisting of: 

1. 6 gauging sensors 

2. 2 sensor rods 

3. Two axis motorized movement 

4. A motor control system 

5. Electronic instrumentation (2 channel). 
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B. The work to be performed under terms of this specification shall 

include, but not be limited to, the following: 

1. Provide, coordinate, and supervise the orderly shipment of 

the gauging system to GARD, INC. 

2. Provide written instructions, at time of delivery, describing 

the proper calibration, use, and interfacing of the gauging 

system. 

1.2 Performance Requirements 

The Seller's gauging system shall be designed to, and shall comply with, 

the following requirements: 

A. System Measurement Accuracy 

The gauging system will be required to perform dimensional measure- 

ments of parts which are toleranced x.xxxx - x.xxxx, therefore the 

fourth decimal place shall be true and accurate. 

B. System Stability 

1. System warm-up time shall not exceed 10 minutes. 

2. The system shall maintain the required accuracies over the 

period of a 8 hour shift without the need for manual re- 

calibration. 

3. When necessary,system calibration shall not exceed 20 

minutes with supplied equipment. 

4. System settling time(i.e., time required to obtain an 

accurate measurement after mechanical movement of the 

probe rods) shall not exceed 1 second. 
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C. System Operating Environment 

1. The system shall maintain the specified accuracies over an 

ambient temperature range of 50°F to 110°F, without recali- 

bration. 

2. The system shall be fully operational in a typical "shop" 

environment where dust and humidity changes can'occur. 

1.3 Specific Requirements 

A. Sensors 

There shall be a total of 6 sensors within the gauging system. 

The sensors shall be mounted three per sensor rod (see attached 

drawings A and B). 

B. Sensor Operation 

The sensors shall operate both independently and in pairs of two 

for a summed output. System accuracy shall be maintained for 

any mode of sensor operation (independent or summed). 

C. Sensor Linear Operating Range 

Each sensor shall provide a linear measurement range of at least 

0.050 inches. 

D. Sensor Rod Positioning Accuracy 

There shall be two relative axes of sensor rod motion, defined as 

X and Y (see attached drawing C). The gauging system shall allow 

controlled incremental linear motion of 0.005" or less with a 

repeatability of 0.005" or less for both axes. Once the sensor 

rods are positioned, the system shall hold that position without 

movement. 
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E. Sensor Rod Positioning Range 

The X axis shall provide a relative sensor rod positioning range of 

0 to 10". The Y axis shall provide a relative sensor rod position- 

ing range of 0 to 5". 

F. Electronic Instrumentation 

1. The electronic instrumentation required to produce the measure- 

ments of interest shall consist of a two channel instrument 

capable of producing dimensional data from two sensors indepen- 

dently and also a summed output. 

2. The electronic instrumentation shall also include a means 

of selecting active pairs of sensors through the use of a 

switching arrangement. 

3. The electronic instrumentation shall also present the measured 

dimensions via a visual digital readout device. 

G. Interface Requirements 

1. The motor control system shall interface with a Z80A-based 

STD bus computer system and be controlled by the same. 

2. The measured dimension shall be presented in a digital format 

on the STD bus, at a resolution sufficient for required system 

accuracy. 

H. Weight Limitation 

The gauging mechanism (sensors, movements, motors) shall be less 

than or equal to 5 lbs. The remainder of the system shall be of 

a reasonable size and weight. 
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1.4 Documentation Requirements 

The Seller shall provide the following documentation at time of delivery: 

1. Mechanical drawings of the system 

2. Electrical schematics 

3. System parts list 

4. A functional description of system operation and calibration 

5. System and subsystem interface diagrams. 

1.5 Acceptance Test 

The acceptance test of the Seller's system will be performed at GARD 

and will consist of: 

1. The gauging system will be used to measure I.D., 0. D., and depth 

from standard calibration blocks and rings. The dimensional data 

produced by the system must agree exactly (to four decimal places) 

with the actual dimension of the reference standard. 

2. The gauging system will be connected to a STD bus computer and the 

motor control function will be tested by verifying that .005" or 

smaller incremental motion is possible and that the motion is 

repeatable to the increment size. The STD bus computer will then 

read the digital output from the system and verify that the digital 

output corresponds to the actual dimensions being measured. The 

software will be written by GARD, however the algorithms and 

hardware addresses for the interfaces must be supplied. 

3. System stability will be tested by setting up and calibrating the 

system with a reference standard and verifying that the dimension 

shown by the system does not change over an 8 hour period. 
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4. System stability will also be verified by placing the electronic 

instrumentation in an environmental chamber and repeating 1.5.3 

at 50°F and 110°F. 

1.6 Notice 

This document is supplied to the Seller for quotation and estimation 

purposes and does not commit GARD, INC. to any expenses incurred by the Seller 

during preparation of a quotation, nor does it imply a commitment by GARD to 

purchase a system from the Seller until a formal Purchase Order is submitted 

by GARD, INC. to the Seller. 
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