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ABSTRACT 

A comprehensive survey has been made of the present status of adaptive control 
as it is applied to all types of machining processes. Included is a bibliography 
of 439 references, a summary of 15 plant visits, and the results of an exten
sively circulated questionnaire. This survey shows that industry has made little 
progress in applying adaptive control to the production of parts exhibiting 
high-quality surface finish and high acci.Jra.cy. In particular, there is a need 
for research and development work in the fields of machinability and sensors 
for obtaining and monitoring very high surface finishes and accuracy. 
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To continue the development of systems for exercising better control over 
metal-cutting processes, the Oak Ridge Y- 12 Plant(a} has initiated an Adaptive 
Control Project for a numerically controlled lathe. This project is designed to 
determine the economic and technical feasibility of using adaptive control 
techniques with electronic geometric correction principles to produce a machined 
part qf substantially higher quality than is possible using normal machining 
equipment and procedures~ Quality is being defined as a weighted product of such 
physically evaluated part features as: size, shape, surface finish, and surface 
integrity. Ma~hining economi_cs, such 'as the material removal rate, extended 
tool life, and_tool costs, are tobeof secondary importance. Because of the scope 
of this project, it was decided to conduct a comprehensive survey in order to 
determine -in what areas capabilities already exist for possible applications to 
the needs of the Y-12 Plant. A contract was signed with Metcut Research 
Associates, Inc of Cincinnati, Ohio to perform thi~ survey, and the results of 
this study are the subject of this report. 

(o) Operated for the US Atomic Energy Commission by the Union Carbide 
Corporation's Nuclear Division. 
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INTRODUCTION 

The Fabrication Systems Development Department of Union Carbide Corpora
tion-Nuclear Division's Y-12 Plant is presently conducting an adaptive control 
(AC) project of considerable magnitude. Because of the scope of this activity 
it was decided to conduct a comprehensive survey in order to determine in 
what areas capabilities already exist for possible application to Y-12's needs. 

Y-12 interests in this study are engaged, primarily, in areas relating to sensing 
and control of accuracy, finish, and surface integrity rather than in adaptive 
control as normally applied to cost and production-rate considerations. Advances 
in the areas of tighter tolerances and high surface finishes are sought. Further
more, these goals must be achieved in turning operations using water-base cut
ting fluids. 

At the outset of this survey, a cursory evaluation of the literature·and discussions 
with highly qualified men in industry and education indicated that very few 
significant accomplishments have been realized to date in the area of Y-12 
interest. Hence, the design of this survey encompassed not only contacts already 
identified with AC, but also with those having an identifiable interdisciplinary 
relationship. 

Since definitions and concepts regarding AC vary greatly, a few comments are 
in order concerning the way Y-12 views AC and how it fits into its program: 

11 The Fabrication Systems Development Department is embarking upon an 
adaptive control project of considerable magnitude. This project con
sists of an attempt to control the cutting process in an optimum manner 
through the use of closed-loop feedback systems. 

11An adaptive system 'is one which is provided with a means for continuously 
monitoring its own performance in relation to a specified index of perfor
mance (I P) or optimum condition and a means for modifying its own param
eters by closed-loop. action so as to approach this optimum condition. 

11 The adaptive system performs three essential functions: Identification, 
Decision, and Modification. 'Identification• is defined as the process by 
which the system is chara~terized or by which the IP is measured. The 
'Decision' function comprises a comparison of system performance to the 
desired optimum and a selection of corrective strategy. 'Modification• 
is the. process of changing the system parameters to gra~ually advance 
toward the optimum performance value along a course determined by 
the optimizing control strategy. 

.. 
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11 Principal areas in which adaptive control can be beneficial are: 

1. Increased part accuracy. 

2. Improved surface quality. 

3. Reduction or elimination of unsatisfactory production. 

11Adaptive control of all practical machine characteristics. and part/tool 
interaction will be attempted. The major objective is to optimize a com
bination of all major controlling parameters affecting the end product. 
Obviously, a thorough understanding of each factor is required, even 
thn11oh thP. finn I rrndur.t will be fabricated under operatin~ conditions which 
require a •trade off! of the individual factors. 

11 Technical Approach: 

An American tape controlled lathe has been obtained for the project. 
This machine has been retrofitted with a GE 7500 control and electro
hydraulic drives to upgrade its performance. A general purpose computer 
has been acquired to be used in conjunction with the interpolation capability 
of the existing numerical control (NC) unit so as to be representative, 
insofar as possible, of a full-siied computer-assisted NC-controlled 
machine shop installation. The necessary interface electronics will be 
developed to cause the appropriate computer-control unit-machine tool
process sensors communication and interaction. 

11 lmproved laser _interferometers have been installed and have been 
used for position feedback during the actual cutting conditions. Other 
hardware such as automatic error compensation devices and temperature, 
strain, and tool-load sensors will be procured or developed and inter~ 
faced with the machine tool control system. Software, including routines 
for real-time acquisition of process feedback data, operation of the optimi
zation program, and updating of machine control information will be devel-
oped. · · 

11 The practicability of the devices and systems developed will be evaluated 
whenever possible using production-type parts to simulateactual problems 
due to shape and metallurgy ... 

With these objectives in mind, a survey plan was designed to uncover any possible 
assistance which the literature, plant visitations, and a questionnaire could offer. 
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The survey design included: 

1. Plant visitations to: 

9. Present and potential manufacturers of AC machine tools. 

b. Pt;"esent and high potential users of, AC. 

c. lnstr"ument and control companies. 

2. Discussions with university personnel. 

3. Review of the current literature. 

4. Design, mailing, and evaluation of a comprehensive questionnaire. 

. .. 
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SUMMARY 

This report is a comprehensive survey of the present status of adaptive control 
as applied to material removal and as related to the specific interests of the 
Oak Ridge Y-12 Plant. Essentially, the survey plan comprised plant visitations, 
literature ·studies (both domestic and foreign), and a widely circulated question
naire. The foreign literature study, less extensive by design, nonetheless is 
believed to accurately reflect the state of the art of AC in Germany, Italy, 
Japan,'and several other countries. 

The survey substantiated the belief that, generally, there is a strong interest 
in AC in the aerospace industry; but, presently, the potential market definitely 
requires encouragement in relationship to cost factors-and even more so for 
other industries. The first-generation AC machine tools were designed to use 
relatively complex multisensing systems. Problems encountered plus cost con
siderations, at the time of thi"s survey, have essentially kept AC out of pro
duction machining. Presently, there is a definite, almost universal, trend 
toward the development and use of simpler sensing systems designed to take 
advantage of the monitoring of feed rates only and to adapt them to multiple 
spindle machines, particularly profile end mills. Overall, relatively few plants 
are very seriously considering any· type of AC as applied to material removal 
at this time. Practically all of the present and potential industrial applications 
to date relate to AC for increasing productivity and reducing costs. 

The Y-12 interest in adaptive control relates specifically to achieving a high 
surface finish and high accuracy in contrast with AC production and cost-type 
interests. Y-12 Plant personnel are also interested in the control of surface 
integrity. It is desired that these aims be fulfilled in turning operations using 
water-base cutting fluids. 

At the outset of the survey, little existing capability was anticipated in the area 
of Y-12 interests. A review of approximately 550 documents (439 cited herein), 
mailing of 3,265 domestic and 272 foreign questionnaires (including an analysis 
of the 233 replies), and 15 plant visits and the interrogation of hundreds of 
people substantiate the belief that if significant progress is to be made, it will 
be necessary to ~nter into extensive research and development programs that 
!=)ive consideration to new machining techniques and the development of new 
types of sensors. Techniques must be ·developed to gain a high finish in alloys 
of interest with tool materials other than diamond, and this· to be achieved 
by turning operations rather than by the conventional processes for producing 
a high finish. Considerably more basic knowledge is needed in relation to tool 
wear. Solution of the problems may require finding ways and means to monitor 
tool wear directly. 
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Some encouragement in this survey was n·oted in the area of signature analysis, 
including control, and in the potential application of adaptive learning systems 
already developed and being developed in fields other than material removal.· 
These should be considere·d in Y-12 1 s future planning, but priority consideration 
should be given to the machinability and sensor requirements. 
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INFORMATION ON ADAPTIVE CONTROL 

PLANT VISITATIONS AND SEMINARS 

Plant Visitations 

Visits were made to installations of the following companies: Adaptronics, 
Inc, The Bendix Corporation, The Boeing Company, The Bunker-Ramo Cor
poration, The Cincinnati Milling Machine Company, Electro-Optics Associates, 
Federal Scientific Corporation, General Electric Company, Grumman Aero
space Corporation, IBM Corporation, McDonnell Douglass Corporation, Thermal 
Systems Inc, Twigg Industries, and United Detector Technology. 

Pertinent information obtained through the visitation program can be sum
marized as follows: 

1. There is keen interest in AC, especially with cost as the index of per
formance (IP). It is precisely this IP requirement, however, which in 
part is currently limiting more extensive application of AC. At the present 
time the great potential users of AC have no new production contracts 
with large material-removal requirements to justify the purchase of new 
AC systems. Instead, there is an interest in applying retrofit machines, 

. particularly AC packages, to existing multi spindle profilers. Even in 
retrofitting, there is a strong tendency to question the justification of costs 
of AC. Very little effort is being directed toward using part quality, defined 
as a weighted product of such physically evaluated part features as: size, 
shape, surface finish, and surface integrity, as the index of performance. 

2. The technology of machine tool controls and computers is much more 
advanced and presents no deterrent to the expansion of AC applications 
at present. This conclusion was evident throughout the visitations. Some 
companies have very sophisticated control systems employing self-learning 
technqiues that should be considered to aid in an adaptive control of the 
machining process. However, these systems have not yet been applied to 
this process. 

3. A great need was expressed during some visits with companies applying 
AC to end milling for: (a) force data in relationship to feed rates, and (b) 
data on chip load versus surface f'inish. . 

4. It was thought thcit available technology for taking stereo pairs of aerial 
transparencies and producing orthographic projection photographs and alti
tude charts with very high accuracies might be applicable to surface finish 
sensing. A visit was made to a company possessing this technology. 
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The results of this vi sit indicated that this technology might be adapted 
to measure part surface finish, but not without requiring considerable 
basic effort. Even with this effort, sensing could not be accomplished 
during the actual cutting process. Other companies indicated that surface
finish monitoring using optical means is feasible; however, considerable 
research and development is necessary. 

5. Many complex AC systems are not cutting material in production. Some of 
the deterrents are: 

a. Need for more development, including modification of AC equipment 
including the machine tool, sensors, and controls. Dissatisfaction has 
been expressed concerning some of the sensor and controls systems 
used to equip first-generation AC machines. 

b. Lack of justification for the use of single spindle machines equipped 
with AC compared with non-A~ multipl.e spindle machines. 

c. Some companies are in the process of redesigning their AC units with 
feed control only instead of a combination of feed and speed. 

6. Sensing of cutter deflection at the spindle nose and cutter torque in the 
spindle is being accomplished to adaptive con.t.ro_l milling machines. 
Experience .indicated that in some instances measurement of motor current 
or torque was too insensitive for some systems when applied to milling. 

7. Some excellent background· work has been done and some sophisticated 
units have been developed for signature analysis of the machining process. 
These units, known as spectrum analyzers, may provide the ability for 
measurin!;J tool wear during the cutting process. Changes of the signature 
derived during the cutting may indicate tool wear and other changes in the 
machining process. One .company had utilized signature analysis for de
tecting tool wear. 

8. Control of the feedrate based upon machine component loading was most 
predominate. 

9. A trend was noted toward simpler AC systems by modifying only one 
programmed var!able such as feedrate. Lack of available sensing equip
ment and control algorithms seems to have prompted this trend. 

10. Some companies indicated continued .interest in thermal sensing for appli
cati.on to. adaptive control. Overall interest in this area of sensing is mild. 
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11. Several companies have expressed the need for data showing the effect of 
tool geometry and finish of the cutting edge on workpiece finish and rate 
of tool wear. 

12. Visits to many of the companies revealed the highly competitive aspe.cts of 
AC. Some of the companies were reluctant to discuss some aspects of 
their activities unless further agreements were entered into with Union 
Carbide. 

Adaptive Control Seminar 

An Adaptive Control Seminar was held in Atlanta, Georgia on February 24 
and 25, 1970. The program included the following papers (also included in the 
Literature Survey section of this report): 

Title 

What is Adaptive Machine Tool 
Control? 

A Survey of Adaptive Control 
Machining 

Why Adaptive Control for Electro
chemical Grinding? 

Adaptive Control of Forces in the 
Profile Milling Process 

Adaptive Controlled Profile 
Milling 

A· Trainable Adaptive Machine 
Control System . 

Retrofit of Adaptive Control to 
Profilers 

Author 

Robert H. Raible, .Associate Professor of 
Electrical Engineering, University of 
Cincinnati 

Mikell P. Groover, Assistant Professor 
of Industrial Engineering, Lehigh· Uni
versity 

Les V. Colwell, Professor of Mechanical 
Engineering, University of Michigan 

Clive P. Hohberger, Principal Engineer, 
Bunker-Ramo Corporation 

Richard A. Mathias, Metal Cutting Re
search, Cincinnati Milling Machine Co 

Jerry M. ldelsohn, Project Engineer, 
Bendix Research Laboratories 

Randolph T. Hanger, Group Engineer, 
The Boeing Company 

The important conclusions reached in attending this meeting were: 

1. Economics was one of the most important indices of performance. However, 
no definitive data were supplied ·by any of the papers relative to cost within 
such constraints as finish, size, and surfa·ce integrity. 
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2. Agreement was essentially manifest concerning the great importance of 
sensing 11feed 11 at this point in time. 

3. The Boeing representative described his company's adaptive retrofit for 
profilers. He believes that deflection sensing is good enough for now to 
get AC on the road. Current pr.oblems are: chip control, tooth breakage, 
and burning of the cutter. Currently, Boeing is looking at drastic ways to 
alter the cutter, and they feel that there are g_reat opportunities in applying 
new cutter designs. 

4. None of the papers and none of the seminar registrants who were contacted 
informally were able to provide data in the area of Y-12 interest. 

An Analysis of the Seminar (by R. H. Raible, who_presented one of the papers 
and also served as a consultant to Metcut Research Associates, Inc for this 
meeting) - Of the seven presentations made at this seminar, a majority included 
surveys and definitions of the concept of adaptive control. Five different 
systems were included in the presentations, and three of these were described 
in sufficient detail to allow for a technical discussion. The speakers represented 
those concerned with basic and developmental research efforts at three uni
versities, three major machine tool manufacturers, and one major user of 
modern machine tools. Those in attendance at the sessions were mostly con
cerned with direct manufacturing problems, and most of the questions and 
follow-up discussion were related to the applicability of various techniques. 

The following remarks and observations are drawn from an overall view of 
the seminar. 

1. General Technique- The traditional description ofanadaptive system which 
includes the steps of identification, decision, and modification is used by 
most workers in system development. The most frequent implementation 
in machine tool applications uses direct measurement of certain parameters 
and use of a fixed formula (empirical, in part) tcr control directly certain 
other parameters, although a searching procedure was described by one 
speaker and referred to by two others as being of considerable interest. 

2o Index of Performance - The only I P considered at length was the production 
rate, usually represented by the metal-removal rate with a suitable weighting 
factor to account for the tool-wear rate and tool changes •. Attributes of the 
machined product such as accuracy cind surface quality were treated as 
constraining conditions on the setup and operation of the system, within 
which the a~aptive control could act to optimize production. The primary 
consideration here was the -difficulty of an on..;. line measurement of the 
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workpiece, although one speaker ~entioned the possibility of improving 
surface finish in grinding by a "trainable" adaptive system. 

/ 

3. Measured Variables- By far the greatest interest centered on the measure-
ment of cutting forces, .usually by measuring spindle deflection or torque 
sensors. The potential increase in production (on the order of 20%, or more 
in certain instances) by a simple feedback of cutting forces, and the 
relative ease with which this can be done, might tend to preclude the devel
opment of still more elaborate control schemes to achieve what might be 
only a small additional improvement. Tool-wear rate and tool-tip tem
perature are also considered important, but are difficuit to measure. 
Gaging methods and surface analyzers were nof discussed. 

4. Control Parameters - Feed· and speed were the only control parameters 
discussed in the metal-cutting applications (one paper .on electrochemical 
grinding was the exception). One author pointed out that the relatiyely 
easily attainable control of feedrate only could produce a substantial 
proportion of the total improvement in performance available by this 
technique, assuming the cutting speed .was fixed at an appropriate value. 

5. Numerical Control - The importance of numerical control in modern 
machine tool technology has at least two implications for adqptive control 
designers: (a) the adaptive control scheme must be compatible with the 
NC technique; (b) machine tool controls will be more and more oriented 
toward digital and computer control, 'and the computation workload required 
of the more elaborate adaptive schemes might be carried by a computer 
already dedicated to the NC system •. 

Ll TE RA TURE SURVEY 

The literature survey consisted of a detailed examination of the domestic
literature (Appendix A). ·A less extensiv~ st~te-of-the-art survey of the foreign 
literature was made by Max Kronenberg (Appendix B). . 

The primary sources for the AC . literature . were two information centers, 
namely: the Air Force Machinability Data Center (AFMDC), Cincinnati, Ohio, 
and the Machining and Gaging Information Center (MAGIC), Oak Ridge, Ten
nessee. Other centers were also contacted. In addition, bibliographies were 
requested from techni~al societies and publishers of periodicals. AI! articles 
obtained from primary or secondary searches were reviewed for additional 
references. 
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The sources for the literature search were as follows: 

Information Centers (other than AFMDC and MAGIC) 

Aerospace Materials Information Center (AMIC) - This center is an AFMIC(b) 
located at Wright-Patterson AF B, Ohio, Air Force Materials Laboratory. The 
center collects, interprets, organizes into retrievable form, and disseminates 
technical information on such topics as materials and metals, various types of 
manufacturing procedures, and methods of materials evaluation. 

Aerospace Research Applications Center (ARAC) - This center is located at 
the Indiana University Foundation, Indiana University, Bloomington, Indiana. 
It is a NASA-sponsored center which disseminates-to civilian-oriented industry 
the results of the nation's governmental research and development programs 
to and in the development of new and improved products, processes, and 
materials for commercial markets, and precludes duplication in industrial 
research and development programs of work already done in whole or part in 
government programs. 

Defense Metals Information Center (DMIC) -An AFMIC located at the Battelle 
Memorial Institute, Columbus, Ohio, which collects, interprets, and disseminates 
technical information about special metals us.ed in aircraft, missiles, and other 
military systems. 

Electronic Properties Information Center (EPIC) - An AFMIC located at the 
Hughes Aircraft Company, .Culver City, California, which collects, indexes, 
and abstracts the world's literature on the electrical, magnetic, and optical 
properties of materials of value to the defense community. This center also 
evaluates, compiles, and publishes the experiment-al data from this literature. 
As yet, there appears to be no apparent endeavor in AC in the areas listed. 

Instrumentation Information Center- This center is operated by the US Depart
ment of Commerce, NBS, Washington, DC and operates as a reference service 
in. the subject field of instrumentation, chiefly for the NBS. However, it also 
serves other governmental agencies on request. 

Machine Tool and Manufacturing Technical Information Center· (MIC)- This 
facility is located at the University of· Cincinnati, Cincinnati, Ohio, and is 

(b) AFMIC denotes Air Force Materi'als Information Centers sponsored by the 
Air Force Materials Laboratory, Wright-Patterson AF B, Ohio. 
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funded in part under the State Technical Services Act. Its work is devoted 
primarily to information services in relationship to machine tools. 

National Referral Center for Science and Technology - This center is located 
at the Library of Congress, Washington, DC and is supported by the National 
Science Foundation. It is designed to advise where and how to obtain information 
on specific topics in all fields of science and technology and areas relating to 
them. It is also concerned with all kinds of information resources in government, 
industry, and in the academic and professional areas. 

Science Information Exchange - This information source is located at the 
Smithsonian Institution, Washington, DC and is a national re9istry of current 
planned or in-progress research in all basic and applied fields of the life, 
social, physical, and engineering sciences. 

Periodicals 

Automation - A Penton publication that is designed to aid production functions 
in manufacturing plants in all industries. 

Control Engineering - A Reuben H. Donnelly publication in the field of control 
and information systems·. 

Instruments & Control Systems -A Chilton publication in the field of instruments 
and devices for measurements, inspection, testing, ·analysis, computing, and 
automatic control. 

Societies 

American Automatic Control Council - An intersociety federation formed to 
promote cooperation among U$ technical and scientific societies which have an 
interest in automatic control. 

Instrument Society of America - A group located in Pittsburgh, Pennsylvania 
that is organized to advance the arts and sciences connected with the theory, 
design, manufacture, and testing of instruments in the various sciences and 
technologies. 

NumeriCal Control Society - A group located in Princeton, New Jersey that was 
founded to serve the unique requirements and integrated responsibilities 
·created by the concept of control via symbolic data~ to provide a central infor
mation source and information exchange, and to be a focal point for the explora-
tion of new ideos to ~erve the user and potential user of numerical control 
equipment. 
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The reference list, Appendix A, totals 439 documents. The main list (Items 
1 - 320) is cited alphabetically in numerical order by author; all annonymous 
articles (Items 321 - 423) are listed at the end o( the bibliography list by title. 
In addition, literature acquired after the main body of acquisitions was frozen 
is contained in a supplement (Items 424 to 439). Since the bibliography is rather 
extensive, a Subject Index, Appendix C; was prepared covering the following 
major categories: 

1. Material Removai Operations 

2. Sensors 

3. Systems Analysis 

4. Controls 

5. Direct Digital Control 

6. Economics 

7. General Literature 

Analysis of the literature substantiated the fact that there is an extensive 
interest in: adaptive control. The majo~AC interests relate to cost and production 
factors. The literature also leads one to believe that much more production 
application has been made of AC than was noted in the plant visitations of this 
survey. fhe literature indicated that the major serious activity in material 
removal in AC is end milling. 

The literature does not reflect some of the strong trends toward the use of 
simpler AC systems, as noted in making the plant visitations. With respect to 
AC-related information, considerable interest is manifest in the application 
of. direct digital control to. material removal •. Because of their pertinence, 
some of the references were included in Appendix C. 

The AC literature also co~tains many articles providing announcements and 
trends. Many of these were eliminated, but some were included especially since 
MAGIC had originally listed in bibliographies supplied to Metcut. These articles 
are helpful in that they reveal the .extent of interest in AC and may even be of 
possible value in identifying sources for assisting Y-12 in their AC program. 
This literature study did ~ot identify the information that was directly applicable 
to the quality adaptive control interests of Union Carbide. However, the subject 
index has. been constructed so as to obtain existing related information to 
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Union Carbide•s needs by ·consulting such descriptors as size, tool wear, 
finish, and sen.sors. These sources provide a springboard for entering into 
more activity with technical people. 

ADAPTIVE CONTROL QUESTIONNAIRE 

Included . in this section of the report is a copy of the transmittal letter and 
accompanying questionnaire used in gathering additional survey information 
(Pages 38 through 42). This questionnaire was sent to companies identified 
directly with AC and also to many companies working in fields considered 
interdisciplinary with AC. It was hoped that some companies might already 
have valuable information even though they were not as yet identified with AC. 

Sources Selected for Questionnaire Mailing 

The majority of questionnaires were addressed to specific individuals in 
companies from the following sources: 

Literature Contacts - The Bibliography, Appendix A, was used to collect names 
of individuals and companies. 

Aerospace Firms - Two sources were noted: 

1. World Space Directory. Vol 7(2), Spring 1969. Washington, DC, American 
Aviation Publications, Inc. 

Section B Industrial - Major Space and Oc·eanology Manufacturers, Parts 
B 10 through 8330 were scanned for contacts. This part included Pages 
61 - 180. 

2. An inventory of Profile/Contour Machines. Washington, DC, Aerospace 
Industries Association of America, Inc, November 1966~ 

A list. of companies was exfracte.d from Pages 10- 12 of this report. 

Manufacturers - Various types of manufacturing companies provided source 
. material. 

Machine Tools-

1 ~ Air Force Machinability Data Center 
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An inquiry was directed to AFMDC requesting a search on special 
term - MACHINE TOOL-DIRECTORY Contacts were extracted from 
these sources. 

2. Aviation Week & Space Technology,· Marketing Directory Issue. 
Vol 91(26). Mid-December 1969. New York,. McGraw-Hill~ 

Terms used in locating companies for contacts are as follows: 
Chemical Milling, Drilling, Lapping Service, Machine Tools, Masers, 
Metal Finishing/Polishing, Metal Forming Machines, Metal Removal 
Machines, Reamers, Roll Farming Machines, Shot Peening, Taps, 
. Tools {machines), Ultrasonic Equipment. 

3. Directory of Machine Tools 1969, Washington, DC, National Machine 
Tool Builder's Association. 

Section 1, Pages 1 - 46, contains a list of the companies indexed in 
this directory. 

4. Machine and Tool Directory. Vol 18. 1969. Wheaton, Illinois, 
Hitchcock Publishing Company. 

The following three. sections were used in selecting contacts from 
this book: 

a. Electrolytic Machines (ECM, EDM, ELG), Pages 93 - 108. 

b.· Numerical Control Systems, Pages 37- 45. 

c. Numerically Controlled Machine Tools, Pages 47- 92. 

5. Machine Tools and Related Products 1968. Washington, DC, National 
Machine.Tool Builders• Association. 

The complete directory was used for contacts. 

6. Numerical Control Guidebook 1970. Modern Machine Shop, Cincinnati, 
Ohio, Gardner Publications, Inc. 

The section on Machine Tools from Pages 170 - 262 was scanned 
and appropriate companies selected. 

7. Numerically Controlled Machine Tools and Related Products 1968. 
Washington, DC, National Machine Tool Builders• Association. 

i 
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A list of companies from this directory was·extracted from Pages 1 -
18. 

8. Numerical Control Multi Operation Machine Tools, Metalworking. 
Vol 23(9): 67-70. September 1967. 

This directory supplied company names from the pages listed. 

9. Selector Guide NC Systems. Americcm Machinist. Vol 111(24): 121-
136. November 29, 1967. 

This directory supplied company names from the pages listed. 

10. Thomas• Register of American Manufacturers. 59th edition 0'969). 
New York, Thomas Publishing Company. 

All basic machining operations were checked along with Machine 
Tools and Nonconventional Machining. 

Controls -

1. Aviation Week & Space Technology. Marketing Dkectory Issue Vol 
91(26). Mid-December 1969. New York, McGraw-Hill. 

The following terms were used as guides to sources: Control 
Equipment-Electronic, Control Equipment-Nonelectric, Environmental 
Control Systems, Fluidic Controls, Logic and Control Modules, 
Positioning Controls. 

2. Design News, Annual 1970. Vol 1. Denver, Colorado, Cahners Pub
lishing Cot:"poration (1970). 

The following two sections were scanned: 

a. Section 3: Switching Control & Regulation on Pages 194 - 195. 
These were used in correlation with the advertisers• index. 

b. Section 10: Testing & Measurement on· Page 625. This was also 
used in correlation with the advertisers• index. 

3. ·Instruments· & Control Systems. Philadelphia, Pennsylvania, Rimbach 
Publicatfons Division of Chilton (1970). 
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The Product Index section was checked for contacts. 

4. Machine and Tool Directory. Vol18. 1969. Wheaton, Illinois, Hitch
cock Publishing Company. 

The following terms contained in Pages 311 - 316 were used: 

.Controllers-Pressure, Controls-Electrical, Controls-Feedback, Con
trols-Hydraulic, Controls-Liquid Levels, Controls-Machine Gage, 
Control s-Mechani ca I, Controls-Pneumatic, Controls-Speed and 
Torque, Controls- Temperature, Control Systems-Fluidic, Control 
Systems-:- Pneumatic. 

5. NC Guidebook, Modern Machine Shop. Cincinnati, Ohio, Gardner 
Publications, Inc. (1969). 

The following areas were checked: 

Adaptive Controls, ·Contouring ,Controls-Direct Computer Control 
Systems, Control-Systems, Fluidic Controls-Logic and Control Mod
ules, Positioning. 

6. Thomas • Register of American Manufacturers. 59th edition ( 1969). 
New York, Thomas Publishing Company. 

The following terms ~ere checked from Pages 1791 - 1860: 

Controls-Automatic, Controls-Electric, ConfroJs;..EJectric Motor, 
Controls-Electronic, Controls-Feeder, Controls-Ffuidic and Static, 
Controls-Lathe, Controls-Machine, Controls-Machine Tool (electri
cal), Controls-temperature, Controls-Numerical, Controls-Pneu
matic, Controls- Proportioning, Controls-Pyrometer, Controls-Speed, 
Controls- Torque, Controls-Miscellaneous, Controls & Regulators, 
Control Systems. 

Sensors-

1. Aviation Week & Space Technology. Marketing Directory Issue. 
Vol 91 (26). Mid-December 1969. New York, McGraw-Hill. 

The following areas were checked: 

Detectors, Dynamometers,· Electrical .Impulses (registers), Envi
ronmental Control Systems, Fiber. Optics,· Fluidics-Sensors, Gages, 
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Gaging, Optical Systems & Equipment, Sensors/Transducers, Syn
chros-Resolvers, Thermocouples, and Accessories. 

2. Design News, Annual 1970. Vol 1. Denver, Colorado, Cahners Pub
lishing Corporation. 

In the product index the following areas were checked: 

Instruments and Controls Section-Electric Actuators, Sensing Devices 
(transducers, thermocouples, photocells), Solenoids, Synchros. 

3. Instruments and Control Systems. Philadelphia, Pennsylvania, Rim
bach Publications Division of Chilton (1970). 

Product index was checked under appropriate headings. 

4. Machine and Tool Directory. Vol 18. 1969. Wheaton, Illinois, Hitch
cock Publishing Company. 

Areas checked are as follows: 

Gages-Automatic Size Control, Gages-Bore, Gages-Depth, Gages-
.. Machine Control, Gages-~pecial, Gages-Surface, Gages- Taper, Gages

Temperature, Gages- Tool Setting, Gages-Ultrasonic, Inspection In
struments-Dimensional, Inspection Instruments-Electronic, Inspection 
Instruments-Numerically Controlled, Inspection Instruments-Optical, 
Inspection Instruments-Ultrasonic, Lasers, Surface Finishing Meas
uring Equipment, Thermocouples. 

5. Thomas' Register of American Manufacturers. 59th edition. 1969. 
New York, Thomas Publishing Company. 

The following areas were checked: 

Accelerometers, Controls and Regulators, Detectors, Fiber Optics, 
Thermocouples, Torques, Transducers. 

Instruments -

1. Aviation Week & Space Technology. Marketing Directory Issue. 
Vol 91(26). Mid-December 1969. New York, McGraw-Hill • 

. ' 

Areas checked are listed as follows: 
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Indicator Instruments, Inspection Equipment, Instrument- Testing, 
Resolvers, Synchros. 

2. Design News, Annual 1970. Vol 1. Denver, Colorado, Cahners Pub
lishing Corporation. 

The following sections were checked: 

Section 3-Switching Control and Regulators, and Section 10- Testing 
and Measurement. The product index was also checked under In
struments and Controls. 

3. Instrument and Control Syste~s. Philadelphia, Pennsylvania, Rimbach 
Publications Division of Chilton Company (1970). 

The product index section was checked under the appropriate headings. 

4. Machine and Tool Directory. Vo_l 18. 1969. Wheaton, Illinois, Hitch
cock Publishing Company. 

The following sections were checked: 

Inspection Instruments-Dimensional, Inspection Instruments-Elec
tronic, Inspection Instruments-Numerical Controlled, Inspection In
struments-Optical, Surface Finishing Measuring Equipment. 

5. Thomas • Register of American Manufacturers. 59th edition. 1969. 
New York, Thomas Publishing Company •. 

The following areas have been checked: 

Instrument Accessories, Instruments-Acoustic Measuring, Instru
ments-Calibrating, Instruments-Digital, lnstruments-tlectric Mea
suring and Testing, etc, Instruments-Electrochemical, lnstruments
Eiectromechani cal, I nstruments-Eiectroni c, Instruments-Measuring, 
Instruments-Program Control, Instruments-Speed Indicating, lnstru
ments-Uitrasoni c. 

Computers-

1. Aviation Week & Space Technology. Marketing Directory Issue. 
Vol _91(26). Mid-December 1969. New York, McGraw-Hill. 
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The following areas were checked: 

Computer Components, Computers-Analog, Computers-Digital, Com
puters- Hybrid, Memories-Computer. 

2. Data Systems News. Information Source Directory, Vol 10. December 
1969. New York, United Business Publications, 1969. 

Section on computers was taken from Page 12. 

3. Design News, Annual 1970. Vol 1. Denver, Colorado, Cahners Pub
lishing Corporation. 

Index to advertisers under Systems and Assemblies-Computers on 
Page PS-22 was taken. 

4. Machine and Tool Directory. Vol 18. 1969. Wheaton, Illinois, Hitch
cock Publishing Company. 

Computer section on Page 302 was taken. 

5. Thomas• Register of American Manufacturers. 59th edition. 1969. 
New York,· Thomas Publishing Company. 

The following areas were checked: 

Computers-Analog and Digital, Computers-Process Control, Com
puter Service-Electronic Analog and Digital. 

Universities -

1. Air Force Machinability Data Center.· 

An inquiry was submitted to AFMDC for all inquirers on Adaptive 
Control and Direct Computer Control. These inquirers were added 
to the list of contacts. 

2. World Space Directory. Vol 7(2). Spring 1969. Washington, DC, 
American Aviation Publications, Inc. 

Section on Colleges and Universities from Pages 435 to 486 was 
included. 

Centers -

1. All the centers originally contacted for adaptive control information 
were used. 
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2. Various library sources available for center contacts were used. 

Research Organizations, Institutions, Societies, Associations-

1. World Space Directory. Vol 7(2). Spring 1969. Washington, DC, 
American Aviation Publications, Inc. 

Major nonprofit research organizations and professional associations 
and organizations from Pages 487 to 507 were used. 

2. List of registrants from the Adaptive Control, Seminar in Atlanta, 
Georgia, February 24-25, 1970, sponsored by the Society of Manu
facturing Engineers. 

Aerospace Industries Association - The Aerospace Industries Association 
mailed questionnaires to their Manufacturing Committee. 

Fortune Magazine - F ortune• s Directory of the Largest Industrial Cor
porations. Fortune. Vol LXXIX(6): 166. May 15, 1969. . 

This listing was used as a means of verifying pertinent companies;. 

Foreign - Max Kronenberg reviewed the f~reign literature for contacts 
on a cursory basis. 

Summary of the Responses to the Questionnaire (For details see Appendix D.) 

Following are the mailing statistics: 

Number of Questionnaires Mailed 

Domestic 
Foreign 

Number of Questionnaires Returned as Nondeliverqble 

Domestic 
Foreign 

Percent of Questionnaires Delivered 

Total Number of Questionnaires Delivered 

3,537 

3,265 
272 

44 

37 
7 

98.8 

3,493 



Total Number of Replies 

Percent of Replies 

Number of Questionnaires Containing Applicable 
Information 

Domestic 
Foreign 

Number of Questionnaires with Limited Application 

Percent of R~plie$ C9ntainin~ Applicable 
Information 

29 

233 

6.7 

102 

95 
7 

15 

43.8 

It is apparent that a high percentage of the letters were delivered but that the 
percent of total replies as well as applicable replies was low. Ordinarily, a 
good return is considered to be about 15- 20 percent. Apparently, the low total 
percentage was the result of the attempt to seek information by making an ex
tensive mailing to people not yet closely involved with AC. It was decided to forgo 
a followup mailing. Indications are that the percentage of replies would have 
increased but no more applicable replies would have been obtained. 

No accounting was made of the percentage of returns from AC-oriented com
panies, but an examination of applicable replies indicates that the response 
was very satisfactory; and, furthermore, that the replies contained some 
significant information and data. 

Appendix D contains the addresses of those who. submitted applicable replies. 
This list is an excellent source of contacts for Y-12. Appendix D also contains 
an analysis of the applicable replies to each question. The questionnaire 
was considered to be of value to this survey and to the Y-12 AC project even 
though it did not isolate sources of information on sensing and control in the 
area of Y-12 interest. 
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METCUT 
RESEARCH 
ASSOCIATES 

3980 ROSSLYN DRIVE, CINCINNATI, OHIO 45209/ Teletype: 810-461-2840 I Telephone: (5131 271·5100 

INC. , 

March 1970 

ADAPTIVE CONTROL.SURVEY FOH 
UNION CARBIDE CORPORATION-NUC LEAH DIVISION 

SUBCONTHACT NO. 65Y-35001 V 

The Fabrication Systems D~velopment Department of the Union Carbide 
Corporation Nuclear Division is beginuirig au adajJlive control project of 
considerable magnitude and is using the services of Metcut for preparation 
of a comprehensive survey. Specifically, the purpose of this survey is to 
collect and analyze information concerning systems for controlling accuracy, 
surface finish, surface int~grity, vibration, chatter and tool wear which 
are applicable for turning various parts on machine tools. It will also 
include cost control aspects, instrumentation and interpretation. In addition, 
there is ·considerable interest in the feasibility of using adaptive control to 
produce surface finishes substantially better th<t,n 10 rnicro\nch~s anct to 
attain accuracies in the order of plus or minus 0.0001 inch. 

\\'e invite your participation by completing the enclosed questionnaire. 
This questionnaire will provide us with some important information ·as well 
as an indication of your interest in having one of our representatives visit 
you. 

\1 e hope you will accommodate us by filling out as much of the questionnaire 
as possible. We are looking forward to receiving your reply by April 10, 
1970. 

:\•IETCUT HESEAHCH ASSOCIATES IKC. 

Johnr.:~J~~ 
.JFHmn 

l·:nc. 

MACHINABILITY METALLURGICAL ENGINEERING I RESEARCH DEVELOPMENT TESTING 



QUESTIONNAIRE -ADAPTIVE CONTROL SURVEY 

Metcut Hesearch Associates Inc. 
Cincinnati, Ohio 45209 

for 

Union Carbide Corporation 
Nuclear Division 

Oak Ridge, Tennessee 37830 

Subcontract o5Y-35001 V 

IT IS EXPHESSLY UNDERSTOOD AND AGREED THAT ANY 
INFORMATION FURNISHED BY THE RECIPIENT OF THIS 
QUESTIONNAIRE WILL NOT BE CONSIDERED AS BUSINESS 
CONFIDENTIAL. 

The following questionnaire has the general purpose of determining the level of 
interest and activity of your organization in an area of machine control which is 
sometimes referred to as adaptive control. If the applicability of a particular 
question to your own situation is ambiguous, please make suitable corrections 
or explanations and respond in light of the overall objective. 

More specifically, the purpose of this questionnaire is to help increase the 
effectiveness of a comprehensive analysis of the present state of the art of 
adaptive control. An attempt is being made to collect and analyze information 
concerning systems for controlling accuracy, surface finish, surface integrity, 
vibration, chatter and tool wear which are applicable for turning various parts 
on machine tools using cutting fluids. The survey will also include cost control 
aspects, instrumentation and interpretation. A special effort will be made to 
ascertain the feasibility of adaptively controlling very high surface finish and 
accuracies. 

1. In which of the following activities is your organization engaged? 

1 .1 Ba.;:ic resoearch in machining processes 
1.2 Basic research in machine tool control 
1.3 Manufacture of machine tools 
1.4 Use of machine tools for production 
1. 5 Planning and specification of machining 

systems for outside customers 
1.G Instrumentation for machine tool applications 
1.7 Other(specify ) 

2. Has your organization become involved in adaptive control to the extent 
that you believe your organization could provide helpful guidance, pro
fessional services or hardware to Unton CarhirlP. \.orporation Nuclear 
Didsion? Yes ( ) 1\:o ( l 

:l. :\ n~ yo•n· organization's adaptive control adivtttes proprietary to the 
extent that you are not in position to assist us? Yes ( ) No ( ) 

31 
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4. Has your organization already designed and/ or built components or com
plete adaptive control systems which are already. in operation or which 
will be shortly? Yes ( ) No ( ) 

!'i. Is your organization using an adaptive control system which you have 
purchased? Yes ( ) No ( ) 

fl. To which of the material removal operations is your adaptive control 
system being applied? 

Turning 
2 Milling 
3 Drilling 

4 Tapping 
5 Grinding 
6 ()ther ____________________ _ 

7. Please list the relationship between the controlled parameters and con
trolling processes by using the table below. (Insert code numbers 
listed below.) 

CONTROLLED 
PARAMETERS 

Dim<~nsional Accuracy 
Positional Accuracy 
Contour 
Surface Finish 
Tool Chatter 
Deflection 
Var. of Feed 
Culling Forces 
Spindle C rowth 
Tool Tip Temperature 
Chip Size 
Tool Wear Hate 
Metal Remov~l. Rate 
Other 

Sensors: 

l. accelerometers 
2. straiu gages 
3. optical systems 
4. lasers 
5. resolvers 
6. thermocouples 
7. thermocouple effect 
fl. capacitance gages 
9. eddy current 

10. induction gages 
\ l. other (specify: ____ __ ________ ) 

Type, Sensors 
Logic 

Sensors Sampling 
Scheme 

I.! >'led Rate 

Sensor Sampling Rate: Logic Scheme: 

1. continuously 1. standard formula 
2. milliseconds 2. tabulated data 
3. seconds 1-60 3. machine learning 
4. minutes 1-30 process 
5. minutes 30-60 4. trial and error 
6. other 
7. hardly ever 
8. never 



B. Is your adaptive machining process monitored and/ or controlled in any 
·way by automatic equipment such as digital computer ( ), modified 
numerical control unit ( ), or other special controller ( )? 

, 9. Do you believe that our present technology (understanding of machining 
processes, sensors, and controls) is sufficiently advanced to apply adaptive 
control for developing accuracies and surface finishes substantially better 
than 0.0001 inch and 10 microinches? Yes ( ) No ( ) 

If your answer is No, please indicate the general areas which 
you believe need basic research study: 

10. Which surface finish measurement techniques (other than stylus-profilometer 
type) are presently available or are presently being developed (reflectance 
type, fiber optics, etc.) to adaptively produce finishes substantially better 
than 10 microinches: 

I 1. Are you acquainted with any measurement techniques using short range 
transducers (0-0.005 inch) to measure tool wear? (for·example, capacitance, 
inductance, or eddy current probes) Yes ( ) No ( ) 

12. What criteria do you use to measure machine performance in order to 
justify application of adaptive control to specific material removal tasks? 
(Possible criteria include accuracy, surface finish, cost and/ or production 
rates, etc;) 

1 :l. Has your organization literature available covering your adaptive control 
system and/ or activities? Yes ( ) No ( ) 

Literature is enclosed 
Literature is being sent under separate cover ( 

l4. Uo you believe a personal visit to your organization by representatives 
of Metcut Research and Union Carbide would contribute to this questionnaire 
or to our survey in general'? Yes ( ) No ( ) 

(over) 

33 
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15. Can you recommend additional contacts in the field of adaptive control? 
Please list names and addresses. · 

16. If you have any additional information or comments, please include them. 

Your assistance in reviewing this survey is most appreciated. 

March 1970 

Submitted by: 

Name ________________________________ ___ 

Title _________________ _ 

Organization ________________________________ ___ 

Address ________________________________ ___ 

Please return questionnaire to: 

/ 

Metcut Research Associates Inc. 
3980 Rosslyn Drive 
Cincinnati, Ohio 45209 
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Original Listing 

1. Acs, Miklos 
Adaptive Control. Werkstatt and Betrieb. Vol 101(11):683-687. 1968o 

2. Adams, James 
Understanding Adaptive Control. Automation. Vol 17(3): 108-113. March 
1970. 

3. Adaptronics, Inc 
Self-Organizing Controller Mark V. McLean, Virginia (ND). 

4. Adaptronics, Inc 
Self-Organizing Control of Paper Machine Headbox. Technical Memo
randum Applications Memo 3. Mclean, Virginia, April 1969. 

5. Adcock, George 
Cost Balance Name of the Game When lt•s Adaptive Control. Metal
working News. Vol 11(504):28. March 9, 1970. 

6. Aller, W. F. 
11Automation Gaging Systems.and Controls .. in Tool Engineers• Handbook. 
Second edition. By American Society of Tool and Manufacturing Engi.
neers. New York, McGraw-Hill, 1959. p 10-22 - 10-26. · 

7. Alvey, Harold E. 
Dimensional Inspection at the Oak Ridge Y-12 Plant. Paper IQ 69-187. 
Dearborn, Michigan, American Society of Tool and Manufacturing 
Engineers, 1969. 

8. American Society of Mechanical Engineers 
Terminology for Automatic Control. C85.1-1963. New York, 1963. 

9. Anderson, P. J. 
1 

Effective Utilization of NumeriCally Controlled Turning Machines at 
the Oak Ridge Y-12 Plant. Y-EF-383. Oak Ridge, Tennessee, Nuclear 
Division, Union Carbide Corporation, January 16, 1970. 

10. Andreychikov, B. I. 
Dynamic Accuracy of Machine Tools with Programmed Control. N66-
34828. Washington, DC, National Aeronautics and SpaceAdministr.ation, 
July 1966. 
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11. Ashburn, Anderson 
Japan Heads for the Top. American Machinist. Vol 112(23}:88-90. 
November 4, · .1968. 

12 •. Asmanes, C. 
A Spark-Gap Tool-Setting System. Y-1589. Oak Ridge, Tennessee, 
Nuclear Division, Union Carbide Corporation, September 20, 1967. 

-13. Backer, William R. 
Torque Responsive Control for d Machine Tool. US Patent 3, 136,098. 
Washington, DC, Patent Office, US Department of Commerce, June 9, 
1964. 

14. Bakke, Roger M. 
Analysis of the Dynamics of an Adaptive Direct Digital Control System. 
Paper 67-WA/AU! -14. New York, American. Society of Mechanical 
Engineers, 1967. 

15. Barron, Roger L. 
Adaptive Flight Control Systems. Mclean, Virginia, Adaptronics, Inc, 
1968. 

16. Barron, Roger L. 
Hierarchy Applications of Adaptive Control Systems. Mclean, Virginia, 
Adaptronics, Inc, February 1970. (Proprietary) 

17. Barron, Roger L. 
Inference of Vehicle and Atmosphere Parameters from Free-Flight 
Motions. Journal of Spacecraft and Rockets. Vol 6(6}:641-648. June 1969. 

18. Barron, Roger L. 
Self-0 rganizing Control: The Next Generation of Controllers. Pari· I: 
The Elementary SOC. Control Engineering. Vol 15(2):70-74. February 
1968. 

19. Barron, Roger L. 
Self-Organizing Control: The Next Generation of Controllers. Part II: 
The General Purpose· SOC. Control Engineering: Vol 15(3):69-74. 
March 1968. 

20. Barron, Roger L. 
Self-Organizing. and Learning Control Systems. Mclean; Virginia, 
Adaptronics, lnc,·1966. 
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21. Bath, M. 
11 ln-Process Control of Lathes Improves Accuracy and Productivity,. 
in Advances in Machine Tool Design and . Research; Proceedings. 
Part 2, September 1968. Edited by S. A. Tobias and F. Koenigsberger. 
New York, Pergamon Press (1969) pp 1209-1221. 

22. Bedworth, David D. 
The Future of Machine Tool Automation- A Laboratory Sneak Preview 
of the Expected Transition from N/C to D/C. Journal of Industrial 
.Engineering. Vol 19(3): 144-154. March 1968. 

23. Bedworth, David D. 
Machine- Tool Control by Digital Computer - A Laboratory Example. 
Journal of Industrial Engineering. Vol 19(8):373-378. August 1968. 

24. Bellows, Guy 
New Nonconventional Machining Process. Paper MR 67-141. Dearborn, 
Michigan, American Society of Tool and Manufacturing Engineers, 
1967. 

25. Benton, Rufus R. C. 
The Use of Regeneration and Control Systems in Chemical Machining. 
Paper MS67-711. Dearborn, Michigan, American Society of Tool and 
and Manufacturing Engineers, IY67. 

26. Bernard, J. W. 
Plan Control at the Right Level.· Control Engineering. Vol 13(9):95-98. 
September 1966. 

27. Berra, P. Bruce 
Automatic Process Planning and Optimization for a Turning Operation. 
International Journal of Production Research. Vol 7(2):93-103. 1968. 

28. Bevis, Robert C. 
Numerically Controlled Machines Aid Product Styling. SAE Journal. 
Vol 73(11):75-77. November 1965. 

29. Billig, Leon 0. 
Adaptive Controls. Part 1: A Survey. Instruments and Control Systems. 
Vol 42(9): 147-152. September 1969. 

30. Billig, Leon 0. 
Adaptive Controls. Part II: Self-Organizing Systems. Instruments and 
Control Systems. Vol 42(10): 126-131. October 1969. 
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31. Birrell, Kirk E. 
Computers in Dimensional Measurement. Paper 680 655. New York, 
Society of Automotive Engineers, 1968. 

32. Black, Theodore W. 
Computers Control Machines. Machinery (NY) Vol 74(4):4. December 
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STATE-OF-THE-ART SURVEY OF FOREIGN LITERATURE ON ADAPTIVE 
MACHINE TOOL CONTROL IN FOREIGN COUNTRIES INCLUDING A SELECTED 

BIBLIOGRAPHY OF FOREIGN LITERATURE 

Dr. Max Kronenberg, Consultant 
Cincinnati, Ohio 

This report is based on information obtained during visits to Eureopean in
stitutes and on foreign literature available in my library. 

Visits 

In the summer of 1969 I presented a paper on machining problems before the 
Technical University of Stuttgart and met ori this occasion Professor G. Stute 
who heads the recently established "Institute for Control Technique of Machine 
Tools" at that university. I received from him two booklets used by students 
of his department. A few examples taken from the booklets are attached hereto 
as Ref 45 of the Bibliography. Stute· is also the author of a report on adaptive 
control prepared for the German Machine Tool Builders Association (Ref 
46). He is the editor of the new German Engineering Journal "Steuerungstech
nik;. (Control Techniques) and contributed to a new handbook (Ref 35) published 
by W. Simon, professor at the Technical University of Berlin, West Berlin. 

fn 1966 I partiCipated as a United Nations. Expert in the "International Sym
posium on Metalworking Industries in Developing Countries 11 held during four 
weeks in Moscow, USSR. I had an opportunity to visit "Stankin University 11 

which is specializing in production methods and machine tools. In one of the 
laboratories a spline shaft grinding machine with adaptive control was demon
strated. The in-feed of the grinding wheel was automatically reduced when the 
sparking increased beyond a certain limit and vice versa. Details of the design 
were not given. Walking around the machine I noticed a large box which may 
have contained the control device. 

Machine Tools Built 

Although many scientific investigations into adaptive control have been under
taken in Europe and in Japan, little information has been disclosed on the design 
and actual performance of machine tools with adaptive control. No data are given 
on the surface finish obtained on these machines and few on dimensional ac
curacy. The lack of information may be due to patents applied for or to other 



83 

proprietary reasons or most probably to the fact that little attention has been 
given to surface finish resulting from adaptive control. A patent search may 
give some clues since patent applic.ations are published in some European 
countries. 

From a French publication (Ref 1) it follows that the Gildemeister Machine 
Tool Co of Bielefeld, West Germany, has developed a lathe with adaptive 
control in cooperation with the Siemens Electric Co, which corresponds to 
the Westinghouse Corp in this country. A description of the machine is given 
in an anonymous article (Ref 4). The A/C unit, termed 11 Sinumerik 320 11 is 
based on horsepower control adapting feed rate and depth of cut. The torque 
is measured at the main spindle with strain gages and compared with data 
computed from scientific formulas for the machining of metals. The difference 
between the actual horsepower and the desirable horsepower serves as the 
input signal. In the same publication (Ref 4), it is indicated that several devices 
for control of parameters, such as torque, horsepower, etc, will be_ on exhibit 
at the forthcoming Machine Tool Show in West Germany in the fa·ll of 1970. 

In a lathe developed by the Royal Aircrclft Establishment in England, the cutting 
speed is controlled by the temperature at the cutting edge which acts as the 
sensor of the system (Ref 29). The metal removal rate is increased 45 percent 
and the surface finish improved (no details). Changes in,the machinability, changes 
in the weight and size of the chips, and changes in the thermal conductivity of 
the workpiece are likewise used for adapting the cutting speed to the wear rate 
and temperature. 

In two German-language publications by a Hungarian author (Refs 5 and 6), 
detailed information is given on the design of a vertical milling machine with 
adaptive control. The machine was built by the Csepel Machine Tool Co in 
Hungary (patented). The discussion refers to the spacecraft and missile in
dustries and their requirements in surface finish and dimensional accuracy. 
A value of 0.2/J.Lm (= 0.000 008 inch) is mentioned with regard to dimensional 
accuracy. These conditions can be satisfied in practice only by reducing vibration 
and elastic deformation of machine tools, which in turn depend on cutting force, 
torque, cutting speed, etc, and on their mutual interdependence expressed by 
metal cutting equations. By converting these equations (Refs 18 and 19) into 
electric cir:-cuits, it was possible to stabilize the torque at the milling arbor 
and to control the feed. It proved possible to increase accuracy and production 
rate by simultaneous application of two electric circuits with transistors and a 
hydraulic step motor. 

Although not concerned with the machining of metals, but rather with stone, 
the design of a milling machine (Ref 7) will be of interest. In the event that the 
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stone has hard spots overloading the motors or if the stock to be removed· 
exceeds a predetermined quantity, an electric device reduces the feed rate 
of this Swiss-built machine. 

A comparison of European and American machine tools with adaptive control is 
outlined in a paper by F. Kuplent (Ref 20). In the case of the Keller milling 
machine, which is equipped with a Bendix control, and likewise in the case of 
the Cincinnati milling machine, equipped with the Acramizer control, the 
adaptive control regulates the feed rate and the spindle rpm although different 
quantities are measured. The Keller machine measures the torque at the 
main spindle, its vibration, and the temperature at the cutting edge. The Cin
cinnati machine also measures the torque and the horsepower in addition to 
measuring the deflection of the main bearing in two planes. 

The European machine tools considered include the Gildemeister lathe (see 
also Ref 1), the Csepel milling machine (Hungary, see also Refs 5 and 6), 
and a lathe designed by the University of Pisa (Italy). The cutting speed and 
the depth of cut are adoptively controlled in the Gildemeister lathe. On the 
other hand, the distance from the tool to the table is controlled (in addition 
to the cutting speed) in the case of the Csepel vertical miller. It is equipped 
with an adaptive control developed by the Hungarian Academy of Science. 
Only the rpm isadaptivelycontrolledinthePisa lathe. The torques are measured 
in the Gildemeister and· Csepel machine tools in addition to the horsepower 
(Gildemeister). The incremental change in the distance between tool and table, 
that is the deflection of the. machine column (Csepel), is measured instead of 
the horsepower, Vibration, horsepower, and tool temperature are determined 
in the case of the Pisa lathe, 

While the American machine tools mentioned aim at minimum machining 
cost, the target of the Gildemeister design is maximum metal removal and 
automatic adjustment of the depth of cut; that of the Hungarian miller is con
stant deflection and that of the Italian lathe constant tool temperature. The 
Sinumerik path control (Gildemeister lathe) has reduced the machine time by 
20 percent and the programming by 60 percent, 

Research 

Research into adaptive control of machine tools is carried out at several uni
versities in Europe and at the plants of machine tool manufacturers. Professor 
G. Spur heads the machine tool laboratory at Berlin Techn University. In one 
of his papers (Ref 39), the criteria of adaptive control have been analyzed 
independently, ie, without a definite design, A number of possibilities are dis
cussed for the evaluation of the metal cutting processes as a means for deter
mining the modifications of the parameters. The same author has published 
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papers on adaptive control in 1967 and 1968 (Refs 40 and 41). He is also co
author of a book on V /C machine tools (Ref 35) which includes several chapters 
on adaptive control. I had no opportunity to see his laboratory this time, 
but saw that of the Stuttgart University (see page 90 of this report). 

Two types of adaptive control are distinguished in a paper by K. Maier (Ref 21). 
In the first type, the so-called disturbing influences (changes in hardness, etc) 
are balanced automatically, while in the second type the cutting parameters 
are corrected for these factors so that optimum cost or production rates are 
obtained (see also Ref 15). 

In a doctoral thesis by U. Degenhardt (Ref 11), it is i.ndicated that tool wear 
is the most significant criterion for adaptive control. The relationship between 
wearland, cutting speed, feed, tool life, etc, is expressed mathematically and 
related to the condition for minimum cost and maximum production rate. 
Tool life for minimum cost can best be obtained by speed control. The depth 
of cut has a minor effect on tool wear. 

In a paper by S. St~ckmann (Pittler Machine Tool Co, Ref 43), it is said that 
the most important metal cutting quantities are the cutting temperature, the 
cutting forces, vibration, the horsepower, torque, and tool wear. In the case of 
finishing, the surface quality must be taken into consideration. In his opinion, 
cutting force measurements are not satisfactory as a basis for adaptive control. 
This statement caused opposition from the audience. In the discussion, it was 
said that very good results were obtained when the pulsating nature of the cutting 
force was taken into consideration. Stockmann is also of the opinion that the 
cutting temperature is a useful criterion only in the case of high speed steel 
tools but not with carbide tools because a wide range of temperatures is asso
ciated with the same tool life of carbides. 

In publications by S. Spizig (Refs 37 and 38) it is report.ed that a honing machine 
with adaptive control was exhibited at the 1968 Leipzig Machine Tool Show in 
East Germany. No details are given. 

In o British paper by Porter & Summers (Ref 32) dealing with adaptive control 
research, the conclusion is drawn that maximum benefit from adaptive control 
requires the use of more sophisticated strategies than those that are presently 
considered adequate in the machine tool industry. The metal removal in cubic 
inch per. dollar is taken as the performance index for comparing various data 
which include also the USAF Machinability Reports, Vol 1, 1950 (avai'lable from 
the Air Force Machinability Data Center, Cincinnati, Ohio). 
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Sensors and Measuring Devices 

Seven different types of· sensors are· discussed by Nenntwig (Refs 26, 27, and 
28), namely: 

1. Contacts 
2. Resistance sensors 
3. Photoelectric sensors 
4. Ray sensitive sensors 
5. Capacitance sensors 
6. Inductance sensors 
7. Piezoelectric sensors 

His discussion is limited to the designs and the differences in these sensors 
without outlining their use in adaptive control of machine tools. The main 
advantage of electronic sensors is their high sensitivity, their reliability, 
accuracy, and the fact that they have a low inertia and thus fast response. 
Photoelectric sensors have gained wide application in recent years because 
they render it possible to utilize light without mechanical contact. 

Upon correspondence with . Nenntwig, the following names of German manu
facturers of sensors were obtained: 

AEG Telefunken GmbH, Halbleiterwerk, D 71 Heilbronn, W Germany 

Falkenthal & Presser GmbH D 744 Muertingen, W Germany 

Siemens AG D 8 Muenchen 1, Oskar von Miller Ring • 

. Valvo GmbH 2 Hamburg 1, Burchardstr! 19 

Heimann GmbH D 62, Wiesbaden - Dotzheim, Weher Koeppel 6 

Details of the photoelectric sensors made by AEG Telefunken are given in 
Ref 8. 

A handbook on technical controls was published by Oppelt (Ref 30). Various 
types of sensors are also discussed by Mitthof (Ref 25). 

A company by the name of H. Ruf - Mannheim is quoted in Refs 13 and 14 
as a manufacturer of contact-free sensors. In the same' reference, the following 
companies ore listed as active in the field of measuring instruments: Hahn & 
Kolb, Stuttgart; Dr. lng. Perthen Hannover; E. Leitz; Wetzler (ats·o manufacturer 
of the Leica camera); and Carl Zeiss, Oberkirchen. 
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At the Convention of German Engineers 1969, several papers were presented 
(Ref 33): one by Rohrbach on measuring of moving parts, one by Buschmann 

. II 

on a minature device for measuring rapidly varying torque and one by Wachter 
on optical - electric motion converters permitting contact-free measuring of 
motion. Manufacturers names are not given. S. Bumiller (Ref 9) reports on 
self-adapting vibration dampers and on compensation of machining errors 
caused by tool wear. 11 Light curtains 11 for measuring purposes is the topic of 
a paper by Sick and Walter (Ref 34). 

A tool life sensor was developed in Japan (Ref 48) utilizing the variation in the 
cutting force as related to tool wear. The feeler of an electric micrometer 
head is mounted on the tool post and in contact with the transient surface 
machined by the side cutting edge. As the wearland increases, the transient 
surface shifts toward the tool axis resulting therefore in a corresponding 
displacement of the sensor and an electric signal. In order to compensate for 
thermal expansion of the tool, a primary sensor is used. Tool wear can also 
be projected on a screen. Another Japanese contribution to adaptive control will 
be found in Ref 49. 

Inductive sensors have been developed in Sweden according to Zilling (Refs 
52 and 53). 

In Switzerland, the Novomatic Co at N~uch~tel is engaged in the development of 
automatic devices for control of machine tools (Ref 23). 

In Hungary, the Hungarian Optical Works is likewise working on equipment for 
measuring and controlling machine tools (Ref 2). 

In the Soviet Union,. an exposition was held in Moscow in 1969 covering the 
progress in the field of automation. According to an advertisement (Ref 3), 
sensors were on exhibit there. A paper was read by Ye V Dneprovski on 
11 Active Inspection Systems for Automatic Lathes and Control Processes,. 
and published in IZD-Vo Nauka, p 69. ff. 

Synopsis 

From visitations ·ann from foreign literature ·available in my library, it is 
evident that considerable work is under way in the field of adaptive control of 
machine tools. This applies to Europe as ~ell as to Japan. 

No data on surface finish have been published judged by the literature perused. 
Dim~nsional accuracy of 0.000 008 inches is mentioned in Ref 5 as a target for 
the aircraft and spacecraft· industries in Hungary. 
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Names of individuals and of companies active in adaptive control of machine 
tools are identified in the reference list, and the best sources for sensors 
are indicated. A search for foreign patents and of ~dditional publicatipns in 
foreign countries may disclose further information on the state of the art of 
adaptive control. Although no direct reference is made in a number of these 
publications to adaptive control of machine tools, i.t may assumed that they 
may be considered as potential users or suppliers of implements for adaptive 
control. 
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MATERIAL REMOVAL OPERATIONS 

Boring 

Deflection 

Size 

1391 1401 1411 2941 2951 2961 336 

1331 2181 2261 2601 2641 2931 296 
3561 421 

Tool Wear 

Chemical Milling 

Drilling 

249 

25 

Size 259 

Temperature 331 661 3251 3801 382 

Tool Wear 395 

Torque 641 661 671 721 731 801 81 1 821 101 
1051 1431 2081 2241 2251 2441 245 
3871 3951 397 

Vibration 66
1 

1821 1831 382 

Electrochemical Machining 11 1 241 69
1 

71 1 123 

Electrochemical Discharge Machining 11 1 1071 1671 339 

Grinding 

Honing 

Deflection 

Size 

Temperature 

Wear 

Torque 

Vibration 

Force 

Finish 

Size 

Torque 

1251 1471 3721 3731 384 
. ~ - - ~ - . 

1801 1851 2641 2861 2871 3321 355 
3581 391 

289 

1081 1901 430 

131 289 

2891 385 

74, 148, 194, 252 

221, 284 

154 f 218 I 221 

91, 285 
~I 
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Milling, General 

Deflection 165 

Torque 165 

Milling, End 

Deflection 116, 127, 128, 145, 168, 171, 172, 
177, 193, 198, 199, 200, 202, 242, 
275, 301, 316, 323, 327, 334, 335, 
348, 360, 361, 362, 376, 386, 396, 
409, 431, 434 

Size 103, 174, 196 

Temperature 52, 53, 54, 153, 288, 299, 328, 
337, 353, 422, 434 

Tool Wear 49 

Torque 49, 52, 53, 54, 56, 67, 80, 81, 116, 
129, 145, 153, 159, 168, 172, 193, 
199, 200, 234, 244, 251, 265, 288, 
301, 323, 327, 328, 333, 334, 335, 
337,361,362,399, 405,·422, 431 

Vibration 52, 53, 54, 56, 110, 113, 153, 159, 
182, 183, 288, 300, 328, 333, 337, 
405, 434 

Milling, Face 

Temperature 292 

Torque 263 

Slitting 

Torque 81 

Tapping 

T ernper-ature 62 

Tool Wear 62, 90 

Torque 67, 101, 244, 245, 387, 415 

Turning 
" Deflection 21, 275, 283 
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Finish 

Size 

Temperature 

Tool Wear 

Torque 

Vibration 

Force 

SENSORS 

Force-Tor que 

Gaging-Inspection 

General 

Laser Interferometers 

Temperature 

Tool Setting 

Tool Wear 

Vibration 

276, 305 

9, 103, 185, 191, 226, 262, 264, 
270, 276, 283, 305, 309, 357, 381, 
388, 400 

57, 58, 59, 60, 158,210, 211, 2 55, 
266, 277, 289, 312, 315, 353, 417, 
433 

9, 21, 79, 249, 277, 280, 390 

60, 244, 267, 289, 419 

57, 58, 59, 60, 182, 183 

77, 119, 210, 211, 232, 280 

99, 112, 120, 122, 146, 178, 179, 
233, 254, 268, 290, 311, 319, 407, 
408 

164, 180, 205, 261, 269, 351 

6, 181, 424, 425 

126, 230, 231, 246, 247, 248, 261, 
303, 304, 392 

70, 292, 31 o, 408 

247, 248, 281 

427 

300, 408 

SYSTEMS ANALYSIS (Design, Theory, and Classification) 

Government & Industrial Reports 

Periodical Literature 

Technical Society Papers 

·University Reports 

3, 4, 10, 15, 16, 20, 37, 57, 59, 
114, 115, 149, 161, 162, 204, 220, 
289, 320, 428, 429, 437, 438 

17, 18, 19, 27, 29, 30, 41, 83, 96, 
118, 163, 166, 197, 235, 236, 274, 
279, 291, 328, 423; 439 

14, 50, 121, 155, 239.. 

92, 176, 223, 315, 426, 430 
•. 



CONTROLS 

Gaging Inspection 

General 

Specific Controls Description' 

Tool Setting 

DIRECT DIGITAL CONTROL 

Announcement Articles 

Background Information (includes 
function and application articles) 

Cost and Justification 

New Trends 

Technical Society Papers 

ECONOMICS 

Economics 

7, 31, 164, 175, 180, 231, 261, 
269, 351 
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2, 6, 16, 17, 26, 39, 61, 96, 109, 
114, 136, 162, 181., 214, 228, 278, . 
282, 297, 375 

115, 134, 155, 204, 247, 248, 271' 
313, 407, 408 

11' 281 

43, 47, 98, 368, 383, 418 

23, 32, 63, 75, 103, 104, 111, 117, 
131, 132, 144, 156, 192, 222, 238, 
256, 258, 272, 331, 350, 367, 371, 
374, 378, 379, 394, 402, 412, 432 

93, 257, 306, 377 

22, 42, 97, 137, 241, 273, 365, 
366' 369' 370' 436 

14, 38, 84, 130, 138, 173, 237, 
243 

5, 45, 49, 94, 106, 135, 151, 170, 
201' 297, 326 

GENERAL LITERATURE ON ADAPTIVE CONTROL 

General Periodical Literature 

Announcement Articles 

Background Information (in
cludes function and apelication 
articles) 

New Trends 

142, 207, 314, 318, 321, 329, 330, 
338, 343, 344, 345, 349, 359, 363, 
364, 406, 411, 413, 414 

36, 51, 85, 86, 87, 88, 150, 160, 
189 . 324 340 342 404 420 

' ' ' ' ' 

28, 46, 78, 83, 216, 250, 302, 317, 
341, 352, 354, 393, 398, 401, 410, 
416 
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State-of-the-Art 

F . * ore1gn 

General Reports and Book Articles 

Book Articles 

Industrial and University 
Reports 

Technical Society Papers 
(seminars, report systems, etc) 

Terminology 

Surface Integrity 

124, 346, 347, 389, 403 

French: 298 
German: 1,188 

157, 195, 209, 213; 215, 229, 322 

95, 100, 102, 152, 184, 186, 187 
203, 212, 217, 219, 227, 253 

35, 55, 65, 169, 240, 307, 309 

8, 89 

435 

*Denotes untranslated documents from AFMDC. For foreign review of AC see 
Appendix B of this report. 

-,, 
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ANALYSIS OF THE QUESTIONNAIRE 
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Following is a summary, question by question, of the Survey Questionnaire 
which was used as a part of this AC survey effort. The overall analysis of 
the questionnaire and its impact in the area of Y -12 interest may be found 
on Pages 24 and 25. This summary includes all directly applicable replies 
(102) plus those with limited applicability (15). The. bracketed numbers in
cluded with each question indicate total response to each specifiC question 
or category. 

1. In which of the following activities is your organization engaged? 

1.1 Basic research in machining processes (25) 
1.2 Basic research in machine tool control (28) 
1.3 Manufacture of machine tools (28) 
1.4 Use of machine tools for production (54) 
1.5 Planning and specification of machining (25) 

systems for outside customers 
1.6 Instrumentation for machine tool applications (61) 
1.7 .Other (12) 

1.7. 1 Computer (3) 
1.7.2 Grinding Specialists (1) 
1.7.3 Research & Development (6) 
1.7.4 Surface Fi"nish & Texture (1) 

1.7.5 Vibration (1) 

2. Has your organization become involved in adaptive control to the extent 
that you believe your organization could provide helpful guidance, pro
fessional services, or hardware to Union Carbide Corporation-Nuclear. 
Division? Yes (66) No (51) 

3. Are your organization's adaptive control activities proprietary to the 
extent that you are not in position to assist us? Yes (18) No (94) 

4. Has your organization already designed and/or built components or cort;~
plete adaptive control systems which are already. in operation or which 
will be shortly? Yes (70) No (30) 

5. Is your organization using an adaptive control system whichyou have 
purchased? Yes (15) No (102) 

6. To which of the material removal operations is your adaptive control 
system being applied? 

6.1 Turning (34) 
6.2 Milling (34) 
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6.3 Dri I ling (20) 
6.4 Tapping (11) 
6.5 Grinding (25) 
6.6 Other ( 7) 

6.6.1 Boring (3) 
6.6.2 ECG (1) 
6.6.3 ECM (1) 
6.6.4 Grinding ( 1) 
6.6.5 Honing (1) 

7. Please list the relationship between the controlled parameters and con
trolling processes by using the table below. (For details of the original 
question, see Poge 40). This analysis is by R. H. Raible, University of 
Cincinnati, Consultant: 

Examination of the responses to Question 7 can be used to measure the 
potential for application of adaptive control even in those instances where 
the technique is not actually applied at present. The following are specific 
observations extracted from the questionnaire data. 

(1) In order of frequency, the following process parameters were men
tioned as actually being measured by one method or another: 

Positional Accuracy (33) 
Dimensional Accuracy (29) 
Surface Finish (16) 
Deflection · (16) 
Contour ( 15) 
Chatter ( 15) 
Variation ofF eed (12) 
Tool Tip Temperature (12) 
TooiWearRate (11) 
Cutting Forces ( 9) 
Metal Removal Rate ( B) 
Chip Size ( 4) 
Spindle Growth ( 0) 

The high frequency of positional and dimensional accuracy· measure
ment is to be expected. The relatively high occurrence of surface 
finish, chatter, and variation of feed is interesting in that these are 

·more or less directly related to the quality of finish of the process. 
Deflection (of· workpiece, spindle, and/or tool) .and cutting forces 
are directly reiated to each oth~r and the data above show considerable 
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interest in this type of process parameter. Tool tip temperature 
and tool wear rate, admittedly difficult parameters to measure, none
theless are used in a substantial number of applications. Metal re
moval rate was mentioned relatively infrequently considering its 
obvious importance in indicating production volume. 

Adaptive control based upon various attributes of the machining 
process, both quantity and quality, will require automatic methods 
of measuring most of the items listed above, and there .appears to 
be considerable technology available in this direction. 

(2) The various types of measuring techniques used and their speci.fic 
applications included the following: 

Resolvers: 

Optics (including 
lasers): 

Induction gages: 

Accelerometers: 

Strain gages & 
piezo-electric: 

Thermocouple 
effect: 

dimensional and positional accuracy, contour, 
variation of feed 

dimensional and positional accuracy, contour, 
surface finish, deflection, chip size, tool wear 
rate, metal removal rate 

dimensional and positional accuracy, .surface 
finish, tool chatter, deflection 

surface finish, tool chatter, variations in feed 

tool chatter, defle·ction, variation of feed, 
cutting forces, tool wear rate, metal re
moval rate 

tool tip temperature 

In addition, a wide variety of other methods was mentioned less fre
quently, including capacitance gages, digital encoders, audio methods, 
air-electric gages, drive motor power sensors, thermistors, tachom
eters, linear "E-1" transformers. Certain other special purpose 
devices were mentioned by name with no description. 

(3) If adaptive control is to be used to offset unpredictable variations in 
the process, an important parameter related to the rate at which this 
adaptation can be accomplished is the bandwidth or otherwise the 
sampling rate of the measuring equipment. The results of the 

·.,;..'. 
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7.1 
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questionnaire indicated continuous methods of measurement for each 
of the variables listed, and methods which· operate at 1,000 measure;... 
ments p~r second or faster in most cases. This ability would appear 
to be adequate for most of the anticipated applications of adaptive 
control. 

Part of Question 7 was directed at finding out how the various pro
cess parameters were being set (or controlled).As one would expect, 
a majority of responses indicated the use of standard formulas and/or 
tabulated data, implying some sort of setup procedure based on past 
experience, which is then left at the predetermined setting during 
operation. However, in the case of almost every parameter listed, 
there was a significant number of responses indicating learning or 
trial-and-error procedures. This information indicates that some 
followup or "trim" of the original settings has been found to be de
sirable, as well as practicable. Adaptive control might be accomplish
ed by automating these procedures. 

Dimensional Accuracy 

Type Sensors Used 

Optical devices ( 7) 
Resolvers ( 6) 
Induction gages ( 9) 
Miscellaneous (CAP, Null) ( 7) 

Sensor Sampling Rate 

Continuously (16) 
1 ,000/second ( 2) 
1-60 seconds ( 2) 
1-30 minutes ( 2) 
End of work ( 1) 

Logic Scheme 

Standard formula (14) 
Tabulated data ( 3) 
Learning ( 3) 
Trial & error ( 1) 
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7.2 Positional Accuracy 

Type Sensors Used 

Optical (10) ,. 

Resolvers (10) 
Induction gages ( 4) 
Digital encoders ( 3) 
Miscellaneous ( 6) 

Sensor Sampling Rate 

Continuously (16) 
1,000/second ( 4) 
1-60 seconds ( 2) 
1-30 minutes ( 2) 
Other (end of work) ( 2) 

Logic Scheme 

Standard formula (19) 
Tabulated data ( 1) 
Learn in~ ( 4) ~ 

Trial & error ( 2) 

7.3 Contour 

Type Sensors Used 

Resolvers ( 5) 
Optical ( 4) 
Miscellaneous (audio, encoder) ( 6) 

Sensor Sampling Rate 

Continuous I y ( 8) 
1 ,000/second ( 2) 
1-30 minutes ( 1) 

Logic Scheme 

Standard formula ( 5) 
,._ 

Tabulated data ( 3) 
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7.4 Surface Finish 

Type Sensors Used 

~ Accelerometers ( 2) 
Optical ( 5) 
Induction gages ( 2} 
Miscellaneous .(audio, air-electric) ( 7) 

Sensors Sam~ling Rate 

Continuously ( 7) 
1 ,000/second ( 3) 
1-30 minutes ( 2) 
Final piece ( I) 

Logic Scheme 

Standard formula ( 3} 
Tabulated data ( 3} 
Learning ( 2) 
Trial & error ( 2) 

7.5 Tool Chatter 

Type Sensors Used 

Accelerometers ( 4} 
Strain gages ( 4} 
Induction gages ( 3) 
Miscellaneous (CAP, optical} ( 4} 

Sensors Sampling Rate 

Continuously ( 6) 
1,000/second ( 2) 
1-60 seconds ( 1) 
Other (when necessary) ( 2} 

Logic Scheme 

Standard formula ( 2) 
Tabulated data ( 2) 
Learning ( 3} . 
Trial & en-ol- ( 3) 
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7.6 Deflection 

Type Sensors Used 

Strain gages ( 6) :O.' 

Optical {laser) ( 3) 
Induction gages ( 2) 
Miscellaneous (hydro pressure, Digitol, CAP) ( 5) 

Sensors Sampling Rate 

Continuously ( 7) 
1 ,000/second ( 3) 
1-60 seconds ( 3) 
When necessary · ( 1) 

Logic Scheme 

Standard formula ( 7) 
Tabulated data ( 3) 
Learning ( 3) 
Trial & error ( 1) 

7.7 Variation of Feed 

Type Sensors Used·: 

Accelerometers & drive motor power ( 3) 
Strain gages ( 1) 
Optical ( 1) 
Resolvers ( 3) 
Miscellaneous ( 4) 

Sensors Sampling Rate 

Continuously ( 5) 
1 ,000/second ( 1) 
1-60 seconds ( 1) 
When necessary or final workpiece ( 3) 

Logic Scheme 

Standard formula ( 7) ,., 
Tabulated data ( 3) 
Learning ( 3) 
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7.8 Cutting Force 

Tlpe Sensors Used 

·-
Strain gages (piezo) ( 7) 
Drive motor power ( 2) 

Sensors Sampling Rate 

Continuously ( 11) 

1,000/second ( 1) 
1-60 seconds ( 1) 

Logic Scheme 

Standard formula ( 5) 
Tabulated data ( 5) 
Learning ( 3) 
Trial & error ( 1) 

,.. 
7.9 Spindle Growth (no response) 

7.10 Tool Tip Temperature 

Tlpe Sensors Used 

Accelerometers ( 1) 
Thermocouple & thermocouple effects ( 9) 
Miscellaneous (Thermistor) ( 2) 

Sensors Sampling Rate 

Continuously ( 7) 
1-60 seconds ( 1) 

Logic Scheme 

Standard formula ( 4) 
Tabulated data ( 2) 
Learning ( 2) 
Trial & error ( 1) 
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7.11 Chip Size 
.,, 

Type Sensors Used 

'·~ Optical ( 2) 
Indirect (Linear E-Mag & Tachometer) ( 2) 

Sensors Sampling Rate 

Continuously ( 1) 
1-30 minutes ( 1) 
When necessary ( 1) 

Logic Scheme 

Standard formula ( 3) 
Tabulated data ( 2) 
Learning ( 1) 

7.; 12 Topl Wear Rate , 
~:I 

Type Sensors, Used 

Strain gage, ( 2) 
Opfical (iasers) ( 5) 
Thermocouple effect ( 1) 
Miscellaneous ( 3) 

Sensors Sampling Rate 

Continuously ( 2) 
1-60 seconds ( 2) 

Logic Scheme 

Standard formula ( 7) 
Tabulated data ( 1) 
Learning ( 2) 

!" 

Trial & error ( 3) 



7.13 Metal Removal Rate 

Type Sensors Used 

Strain gage 
Optical 
Resolver 
Induction gage 
Miscellaneous (CAP, tachometer, motor power) 

Sensors Sam piing Rate 

Continuously 

Logic Scheme 

Standard formula 
Tabulated data 
Learning 

( 1) 
( 2) 
( 1) 
( 1) 
( 3) 

( 4) 

( 6) 
( 1) 
( 3) 
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8. Is your adaptive machining process monitored and/or controlled in any 
way by automatic equipment such as digital computer (23), modified 
numerical control unit (21), or other special controller (31)? 

9. Do you believe that our present technology (understanding of machining 
processes, sensors, and controls) is sufficiently advanced to apply adap
tive control for developing accuracies and surface fi'nishes substantially 
better than 0.0001 inch·and 10 microinches? Yes (35) No (57) 

If your answer is No, please indicate the general areas which you believe 
need basic research study: 

9.1 
9.2 
9.3 
9.4 
9.5 
9.6 
9.7 
9.8 
9.9 
9.10 

. 9.11 

Actuators 
Contour 
Deflection 
Direct Digital Control 
Dynamic Cutting Force Control 
l'lolog1·aphy: Lase1· Developrnent 
Machine Tool and Fixture Design 
Sensors 
Surface Finish 
System Stability (beyond present limit 'of 0.000511

) 

'Temperature Growth 

( 1) 
( 2) 
( 1) 
( 1) 
( 1) 
( 1) 
( 6) 
(16) 
( 3) 
( 1) 
( 1) 
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9.12 Tool Chatter ( 1) 
9.13 Tool Control Systems ( 3) 
9.14 Tool Torque ( l) 
9.15 Vibration ( 1) 

10. Which surface finish measurement techniques (other than stylus-pro
filometer type) are presently available or are presently being developed 
(reflectance type, fiber optics, etc) to adoptively produce finishes sub
stantially better than 10 microinches: 

10.1 Air Servoed, Air Gages ( 1) 
.10.2 Fiber Optics ( 1) 
10.3 Indirect Techniques: Precise Position & Speed 

Control of Both Axis ( 1) 
10.4 Interferometry ( 2) 
10.5 Light Sensor Used for Thread Cutting ( 1) 
10.6 Optical: Reflectance ( 8) 
10.7 Real Time Holography ( 1) 
10.8 Standard Glass Beads Development ( 1) 
10.9 Transducer Design (proprietary) ( 1) 

11. Are you acquainted with any measurement techniques using short-range 
transducers (0- 0.005 inch} to measure tool wear? (for example, capaci-
tance, inductance, or eddy current probes) Yes (27) No (6/) 

12. What criteria do you use to measure machine performance in order to 
justify application of adaptive control to specific material removal tasks? 
(possible criteria include accuracy, surface finish, cost and/or pro
duction rates, etc) 

12.1 Accuracy (29) 
12.2 Cost* and/or Production Rates (72) 
12.3 Continuous Process Control ( 1) 
12.4 Power ( 2) 
12.5 Programming Simplification ( 1) 
12.6 Reproducibility ( 2) 
12.7 Surface Finish ( 16} 
12.8 Torque ( 1) 

* Cost factors cited include: lnspecti9n, Scrap Reduction, and Tool Costs. 

~: 

,, 

r • 
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·• 

113 

13. Has your organization literature available covering your adaptive control 
system and/or activities? Yes (33) No (64) 

14. Do you believe a personal visit to your organization by representatives 
of Metcut Research and Union Carbide would contribute to this question-
naire or to our survey in general? Yes (46) No (55) 

The (No) answers are primarily from companies interested in AC but 
ones who believe they are not sufficiently advanced to assist Y-12 at 
this time. 

15. Can you recommend additional contacts in the field of adaptive control? 
Please list names and addresses. 

Additional contacts recommended were checked against our existing file 
and those not appearing were mailed a survey. 




