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SUMMARY

The major objective of the reported research was the develop-
ment of an improved needle control system for tufting machinery as
used in the manufacture of bedspreads, rugs, and carpets.

Most current controlled-needle tufting machines impart a
reciprocating motion to a bar in which many spring-loaded needle
holders are contained. In various ways a pattern signal is con-
verted intoc a means by which a needle holder is latched to the bar
causing the corresponding needle(s) to sew. The contrast of sewing
and not sewing through a backing material fashions a pattern in a
piece of tufted goods.

The research was directed toward a class of machinery termed
cut-pile, with a pattern attachment of the scroll type. The control
system concept was to include single needle control, a feature which
has been found relatively difficult to achieve and sustain at desir-
able speeds in the tufting industry. A nominal speed of 1,000
strokes per minute was to be achieved, a rate considerably higher
than most comparable machines currently in use. Other factors

taken into consideration during the project were such matters as
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pattern cost, needle control system cost, aversge maintensnce capa-
bility in tufting mills, yarn feed location; accommodation of
existing cutting mechanism, and use of existing pattern design.

The initial phase of the study was concerned with evaluating
the relative merit of pattern sensing concepts with regard tc eco-
nomic considerations and design restrictions imposed by existing
equipment. Methods which were electrical, mechanical, hydraulic,
vacuous; and prneumatic in nature were considered and the advantages
and disadvantages of each were compared. The conclusion was
reached that, of these, the pneumatic approach offered the greatest
number of significant advantages despite attendant disadvantages.
Air sensing systems are relatively inexpensive to manufacturs,
inexpensive to operate, and reliable, Minimum wear and low wain-
tenance requirements are assets as well. Also, the disadvantages
of pneumatic systems are generally less inherent and offer greater
opportunity to minimize than the 1iabilities of most other systems
adjudged.

Having elected to develop a pneumatic needle control system,
concepts for specific componenis were considered. 1In view of the
heavy suspension of lint particles in the atmosphere inside most

tufting mills, methods were sought in which air intake from the
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surroundings was avoided in order to minimize potential pluggage.
Accordingly, a row of nozzles flowing air from a manifold was
conceived as a means to sense a pattern, FEach nozzle is tapped
transversely such that blocking the mouth of the nozzle with a
pattern creates & signal at the tap in the form of raised back=-
pressure. Such patterns can bte formed by alternate raised and
recessed areas of material peassing in very close proximity to the
mouths of the sensing nozzles.

Several means of pattern signal amplification were cons-
sidered, including a type of ball amplifier and several fluidic
devices such as the bistable, turbulence, and vortex amplifiers.
A spool valve amplifier was chosen largely because the amount of
amplification is relatively flexibtle; and the long and successful
usage of spool valves in fluid systems provides a high degree of
confidence for their use in the needle control system.

Latching the needle holders by converting the air power
signals from the spool valves presented the final problem of con-
ceptual evaluation. Cam action was rejected in favor of direct
latching by means of small spring-loaded pistons which engage
notches in the needle holders.

A mathematical model was derived to describe the behavior of
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the control system for purposes of analysis. Separate sections
of the system were defined and individual differential equations
were written for each section.

One equation describes the behavior of the tap pressure in
terms of the pattern position relative to the mouth of the sensing
nozzle. Assuming a reversible adiabatic process, an expression was
derived from the gas law, fundamental orifice equations for compres-
sible flow, and geometrical relationships at the nozzle, resulting
in a first order nonlinear differential equation.

In like manner, appropriate expressions were found for the
spool valve pressure transfer function, transmission of pneumatic
signals through small iines; and the movement of a spring-loaded
spool and piston. The composite of these equations, in state '
varieble representation, was used to formulate an overall mathe~
matical model for the control system.

A computer program was written to solve the equations, per-
mitting the variation of each significant pressure signal to be
studied. Major purposes of mathematical modeling were to evaluate
the time responses within the system as well as to study the effect
of changing system parameters.

Initial experimental investigations were primarily concerned
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with development of an optimum sensing nozzle configuration. An
ordinary drilled hole was studied but the tap backpressursz was

found very sensitive to tap location; exit conditions, etc.; making
it difficult to produce numerous nozzles with essentially identical
characteristics. This difficulty was overcome by placing an orifice
at the entrance to the hole, and final tests were run to select the
best base hole and orifice hole combination.

A commercial product was found from which patterns could
readily be made by expesing a photosensitive materisl to ultra-
violet light passing through a film negative of the chosen design.

Response measurements were made with the aid of a simulated
pattern glued to the side of a gear which was driven at the proper
speed. A micrometer nozzle adjustment permitted the test nozzles
to be accurately positioned. Response measurements were initiated
using a photocell pickup which triggered an oscilloscope signal,
thus registering the output o a strain gauge pressure transducer
upon a memory screen, In this manper the reliability of the
response equations for systewm components was evaluated. The same
physical arrangement was also used for experimentation to determine
the sensitivity of the system with regard to pattern resolution.

In order to examine the effects of the continucus flexing of
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tubing such as would occur at the connection of the latching pistons
in the reciprocating drive bar, a cam action device was constructed
and several kinds of tubing were subjected to multimillion cycle
tests at more than 1,000 strokes per minute. Both nylon and vinyl
tubing appeared entirely satisfactory in this service.

Finally, a machine was constructed to simulate the movement
of an actual tufting machine using an eccentric and push rod from
an existing machine. Ry adapting to this machine the various com.-
ponents conceived in the needle control system as developed during
this research project; the operability of the complex was coriclu-

sively demonstrated.
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amplitude of machine stroke, ft

orifice area, genersal

cross~sectional area of transmission line, sq ft
area of spool face, sq ft

ares of piston face, sq ft

area of orifice between manifold and base hole of sensing nozzle,
sq Tt

variable area of orifice at mouth of sensing nozzle, sq ft

variable area of orifice at manifold entrance to spcol valve,
sq ft

spool damping coefficient, Ibhsec/ft
piston damping coefficient, lb-sec/ft
speed of sound, fps

constant, general

constant

constant

coefficient of discharge, general
2.06 °R/sec

coefficient of discharge, orifice at manifold entrance to sen-
sing nozzle

coefficient of discharge, orifice at mouth of sensing nozzle
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xvii

coefficient of discharge, orifice at manifold entrance to spool
valve

displacement of needle holder from center of machine

a%d

dt2

density of air, slugs/ft-sec

coefficient of friction

static force of friction, 1b

force of retaining spring on needle holder, 1b
normal component of force on piston tip, lb

gap vetween raised pattern surface and mouth of sensing nozzle,
ft

force of gravity, ft/sec2
polytropic exponent (i.e., for air)
spool spring constant, 1b/ft
piston spring constant, 1b/ft

needle holder spring constant, 1b/ft

length of transmission line from sensing nozzle to spool valve,
ft

length of transmission line from spool valve to piston, ft

mass, 1lb

dm

dat

mass of spool, slugs
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M2 nass of plston, slugs

Mh mass of needle holder, slugs

@ angle of piston tip

p density of air, slugs/ft-sec

P force exerted by piston spring, 1b

AP pressure drop across orifice, general, psf

F(u) signal input pressure at sensing nozzle, psfg*

Pu) _4B(w)
dt

P(4) initial pressure of P(u), psfg*
P(B) pressure outside of sensing nozzle mouth, psfg*
P(1) supply manifold pressure to sensing nozzles, psfg¥*

P(2) pressure at end of transmission line to spool valve, psfg*

s

dt

ﬁ(E) apr(2)

dep(e)
at?

P(2)

P(3) manifold supply pressure to spool valve, psfg¥

P(4) pressure downstream of spcol valve, psfg¥

*Depending on particular context, pressures may appear as gauge
or absolute values as noted; however, for purposes of calculation in
Appendix C, all pressure values are gauge.
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at
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frictional resistance of transmission line, lb--sen::/'f“t'!'f
radius of base hole of sensing nogzzle, ft
radius of supply pressure hole to spool valve, ft
damping ratio of first transmission line
damping ratio of second transmission line
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initial temperature, °R
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*See footnote on previous page.
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CHAPTER I

INTRODUCTION

History and Background

The tufting industry has expanded rapidly in recent years to
meet demands for such tufted products as bedspreads, rugs, and
carpets. Beasley (1) describes the phenomenal growth of this
industry.

For some thirty-five years until the early 1930's, tufting
was accomplished entirely by hand in a so-called "cottage industry."
Hand tufted bedspreads, gowns and housecoats were sold *to south-
eastern tourists at roadside stands and shipped to department
stores throughout the country.

Barly tufting machines essentially were modified sewing
machines, followed by multiple needle equipment to add versatility.
Just prior to World War II, the first coarse-gauge machines were
created to produce a complete tufted bedspread in a single pass.
After considerable evolution the highly significant controlied-
needle bedspread machine was invented. Tn 1950 and 1951, machines
were introduced which could produce broadloom carpet, ushering in a

tufted carpet industry which has progressed very rapidly.



In much tufting machinery now in use, an eccentric drive
imparts reciprocating motion to a bar which spans the entire width
of the tufted article being produced. Many needle holders are
housed through the bar, and each can be separately latched to move
with the bar and cause the corresponding needle(s) to sew through
a moving backing material. Springs restrain unlatched needle
holders to prevent sewing. By exercising control over the latching
mechanisms, patterns can be created in a backing material from the
contrast between areas sewn and not sewn.

Tufting machines may be divided into two broad categories,
cut-pile and loop-pile machines, the obvious difference being that
the loops are cut in the first-named machine. A cross section of
a cut-pile tufting machine is shown in Figure 1. Controlled-needle
machines may be further classified according to the pattern attach-
ment used, some of which are called the roll type, the universal-
type, the scroll-type, and the slat-type. (This research project
is concerned only with cut-pile controlled-needle machines having
a scroll pattern attachment. In context, a scroll refers to the
surface of a drum upon which a pattern is created such that a
machine can interpret and reproduce it.)

Among cut=pile, scroll-pattern tufting machines developed by



_—— Forced Fead
Qil Line
- W 'Grovity Flow

MNeedle Stroke —— — ~———— Path of Yam

Eccentric

Head Casting —_— R '_ 3 I Y 3 ~ Emery Covered Yamn
Ay i Feed Rolls
. 4
-

__—— Enameled Yarn
Guides

Ball Bearing e
Pillpw Block

Main Drive Shatt -

Integrolly Cast ———

Pillow Block Bridge

— Hardened and Grour
Push Rod

Connecting Rod -

Oil Splash Shield — Thread Jerker

Push Rod Housing — ‘ s e
Felt Packing Rings = ;
Emery Coverad Rall— | |
Spike Rall 1\ = Meedle
Fabnc Feed A
Presser Foat = 1
i | Spike Roll
Pl o Fabric Feed
— Stat y Roll
Auxiliary Knife =z
Shatt for 180, 190" Poth f
and 214" Machines ath of Cloth
~ Hook Shaft

Kmife Shatt —— —

Figure 1. Cross Section of a Cut-pile Tufting Machine (1).



1966, two concepts have gained prominence in use. The pattern used
in the first of these concepts is a phenolic drum into which grooves
have been machined. High and low places in each groove corresspond
to a given pattern design. Fingers--one for each groove--ride on
the rotating drum to close and open electrical contacts. The con-
tacts actuate sclenoids which move latch pins to engage or releese
needle holders as described above. Patterns are ordinarily sym-
metrical such that one pattern groove will exercise control over
two or more needle holders. A ratchet device enables each needle
to draw an appropriate length of yarn for each stitch.

The second kind of cut-pile, scroll-pattern tufting machine
now in favor operates in similar fashion except that the drum is
made of trensparent material with a light source inside. The pat-
tern is a photographic positive (or direct drawing) wrapped around
the drum. The opaque sections of the positive prevent the internal
light from shining through to photocell sensors, which serve the
same function as the pattern fingers in the first machine. The
very lovw current generated by the photocells is greatly amplified
in order to control relay contacts which actuate solenoids as before,

Bach of the machines described has distinct disadvantages.

Phenolic drum patterns are expensive in the case of the first



maleiing , ard dhe eleeliieal contpcts sre dirPioult to mwatniabn,
Amplalicstiaon problems occeul in lne other nmachine duws: to iow level
signals from the photocells., Alsoe the second macnine 4 velatively
cxpensive #ad speeiniized mainlencnce personnel are necessavy.
Bolencid space Limitations are a problem common to both machines,

A need exists to examine mvenues ol potential improvement in order
to develop tufting muchinery in which such undesirable featurces

are minimized.

Project Definition

The research effort for this project was confined to that
area of a cut-pile, scroll-pattern tufting machine Lhat {s concerned
with the pattern itself, pattern detection, pattern signal amplifi-
cation and needle holder engagement--an area hereafier called the
needle confirol system. Existing machine framework, feed drives,
power drives and eccentrics, tufi cutiing facilities; and the like
are expressly excluded from consideration herein, except as it is
necessary for innovations in the arca of concern to accomuodate re-
strictions imposed by existing equipment not specifically within the
scope of study.

The project objectives included not only the development of

a needlie control system which minimizes certain disadvantages of



existing tufting machines but alsc the provision of another feature,
that of individual needle control. Previous efforts at single
needle control have not proven entirely satisfactory, such that most
existing machines exercise control over individual needle holders

(see Figure 2) containing two needles normally spaced on 3/16 in.

ORIENTATION AND
LATCHING FLAT

NEEDLE
SETSCREW —
YO

@I
| ©)] =j=

* i
/NEEDLES DUAL YARN RATCHET

MECHANISM

Figure 2. Needle Holder.



centers. Thus, if a pattern design were to call for tufiing a
diagonal line, the best approximation that could be achieved would
be a "staircase" with a run of 3/8 in. 8y controlling esach needle
individually--that is;, by housing only one needle in each nolder«-
a machine can produce a tufting pattern with much finer design
resolution. Of course, physical limitations severely restrict the
size of the needle holder and latching mechanism and pose a diffi-
cult orientation problem; however, the objective of this work was
to provide individual needle holders and to retain the present
3/16 in. needle spacing if possible (7/32 in. maximum}.

Other physical criteria also constrained the needis control
system development. The needlss could not be staggered in order to
gain space, because the existing cutting facilities could only
accommodate needles in a straight row. For similar reasons, yarn
could be fed to needlies from one side of the machine only. The
amplitude of the needle stroke remained 7/8 in., but the nominal
machine speed was to be incressed to 1,000 strokes per minute, more
than doubling that of one machine now used extensively. Ten
stitches per inch was a design guide, eand no less than three consecu-
tive tufts was considered in possible pattern designs.

Factors of an economic and commercial nature alsc iafluznced

the research, although absolute cost criteria naturally depended
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upon performance in seversl areas. In general it was desirable to
limit the separate cost of the needle control system as previously
described to approximately $30,000 in order that the machine would
be favorably competitive with most recent machines. Also, the cost
of an individual pattern was to be well below that of a grooved
phenolic drum (about $300).

Other less tangible considerations influenced various de-
cisions throughout the project. For example, previous unfavorable
experience with a concept already tried unsuccessfully in the in-
dustry would obviously limit the marketability of a similar con-
cept, regardless of its merit otherwise. An arrangement necessi-
tating synchronization of the pattern position with the machine
drive would normally be much less desirable than a scheme without
such a restriction. Also, in view of the relatively unskilled
technicians available, particularly in some tufting mills, advan-
tages that might accrue from more complex approaches can easily be
outweighed by the resulting change in maintenance requirements.

Finally, in order that the myriad of pattern designs now
in existence could be readily converted for use with the new con-
trol system, the conventional (half) choice of pattern scale was

specified, In addition, only pattern designs which were symmetrical



about the center of the machine were to be used. The significance
of the latter specification is found in the need to sense a folded
pattern (i.e., half of a pattern) and to convert one pattern signal

into a means of controlling two symmetrically placed needles.



CEHAPTER II

EVALUATION OF CONCEPTS

Pattern Sensing

A good measure of the potential success of the project de-
pended upon the initial approach. In order to select the most
advantageous concept for a needlie contrcl system within the resiric-
tions imposed by the project definition, a number of alternative
methods were considered. Farly studies were largely confinsd fo
examination of various patitern sensing techniques (2), because
the means for sensing a patiern determines the course of develop-
ment of other elements in the control system.

Electric Sensing

In view of widespread utilization of electrical methods for
pattern sensing in other fields; several electrical concepts were
evaluated.,

Direct Contect Seunsing., (ne means of electrical sensing is

shown in Figure 3. A grounded metal drum is covered with a per-
forated pattern of insulating maeterial, As the drum turns the

spring~loaded brushes make contact through perforaticns, completing
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Figure 3. Direct Contact Sensing.

electrical circuits.

Direct contact sensing 1s very simple and relatively inexpen=-
sive. Pettern costs are alsc small; however, pattern life is short
from friction wear as well as destruction from arcing. This con-
cept has already been tried in the tufting industry, leaving un-
favorable experience particularly with regard to maintaining elec-
trical contact between the brushes and the drum,

Photcelectric Sensing. Another method of electrical sensing

mekes use of photocells as shown in Figure 4, 1In fact, this form of
sensing is cne of the two described in Chapter I that are now exten-
gively in use. Even so, the concept was reconsidered with the idea
of improving the existing systems by using light sensitive resis-
tivity elements in circuits containing silicon controlled rectifiers.

Photoelectric sensing is now familiar in the industry, and the

11
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j—PHOTOCELLS
) v ))
ROTATING
TRANSLUCENT DRUM F’OSITIVE PATTERN

Figure L. Photoelectric Sensing.

positive patterns are relatively inexpensive and not subject to
wear. Conversely, a photoelectric sensing system 1s expensive, re-
gquiring low level signal amplification and specilalized service
attention.

Hot Wire Anemometer Sensing. A hot wire anemometer (3) means

of electrical sensing appears in Figure S. Here, air is pulled (or
forced) through & given pattern perforation past a resistance wire
heated by an electric current, causing a change in current through
the wire., This, of course, is the same principle used in measuring
alr flow through ducts except the calilbration requirements are much
less stringent.

Advantages of hot wire anemometer sensing are high frequency
response and an inexpensive pattern subject to very little wear. Dis-

advantages are the delicate circultry in confined spaces, the need to
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Figure 5. Hot Wire Anemometer Sensing.

amplify low level sipgnals, the expensiveness of the system, the
specialized maintenance requirement, and the necessity to provide
both pneumatic and electrical circuitry.

Hydraulic Sensing

A peartially hydraullc means of pattern sensing is sketched
in Figure 5. Agaln a pattern perforated according to design passes
over a sensing block in which spring-loaded plungers are placed in
correspondence to the rows of pattern holes. The ends of lengths
of fluid-filled tubing are aligned with the plungers in very close

proximity to the moving pattern. The plungers can pass through the
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Figure 6. Hydraulic Sensing.

pattern holes and depress the diaphragms covering the tubing ends,
causing the corresponding diaphragms at the tubing ends not shown
to project outward in a manner that could be converted to scme form
of mechanical needle control.

The benefits cof the semihydraulic sensing arrangement outlined
above are the moderate cost both for the system and the pattern, the
direct transmission of pattern signals, and the unskilled maintenance
requirements. Liabllities envisioned are the sealing and containment
of fluid in the lines, potentially troublesome temperature effects
from tubing expansion, excessive pattern wear, and possible diaphragm

problems.

14
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Mechanical Sensing

A mechanical linkage form of pattern sensing is pictured in

Figure 7. The principle employed is very similar to that in the

TUBING
GUIDE
SPRING LOADED
INSERT

CONTOUR (RAISED
SURFACE) PATTERN

Figure 7. Mechanical Sensing.

hydraulic technique. In this case flexible inserts are spring-
loaded in the tubing run with the tapered tip (taper not shown)
positioned very near the recessed surface of a contour pattern.

As a raised pattern surface passes the mouth of a sensing tube, the
insert is forced to retract such that it will extend at the copposite
end of the tube to effect needle control through some form of cam

action.

Although such a mechanical system is direct, simple, and



relatively inexpensive, using a comparatively inexpensive pattern and
demanding inexpert service attention only; synchronizetion of the pat-
tern travel with needle movement would be almost mandatory, pattern
wear could be excessive, and precise tolerances would be necessary
and difficult to sustain.

Vacuum Sensing

A typlcal pattern sensor applying a vacuum source is illus-

trated in Figure 8. The drawing mey be recognized as the design

VACUUM LINE

BELLOWS

PERFORATED
PATTERN

SPRING

Figure 8. Vacuum Sensing.

commonly used in the player plano. A perforated pattern traverses
the mouths of a row of tubes upon which a vacuum is being drawn

through bellows. A hole in the pattern vents a given line and



causes the bellows to expand and physically displace a push rod.
The rod movement can be transformed iunto a latehing operation.

A vacuum desigrn of this kind is very simple, making use of
a low cost pattern subjected to slight wear. The response of the
system is relatively slow, however; and the nature of a vacuum
scheme introduces additional potential of fouling from an atmos-
phere heavily laden with lint particles. Tn addition; effective
location of the bellows would be difficult within the space Limita-
tione defined in this project.

Pneumatic Sensing

Several direct ways to sense patterns pneumatically were
considered and dismissed in favor of an indirect approach repre-
sented in Figure 9. The major determinant in the selsction was
elimination of system fouling from the air intake. As shown in
the sketch; air from a2 pressure manifold flows out of a drilled
hole nozzle which has been tepped traasversely. As & raised sur-
face of the pattern passes close to the mouth of the nozzle (L, 5),
flow is restricted and the backpressure rises in the side tap, thus
creating a pattern signal. OSince alr flows continually out of the
sensing configuration, potential pluggage is minimized, Several

pattern structures were conceived for possible use with the system
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Figure 9. Pneumatic Sensing.

shown--one being a screen material with a pattern formed by blocking
or fl1lling appropriate areas of screen mesh--but considerations of
pattern wear made the contour pattern preferable.

Plus fectors cof the choice of pneumatic pattern sensing are
low cost patterns, inexpensive system components, absence of appre-
ciable wear of either the system or the pattern, and of particular
importance, the adaptability of this scheme to reliable and inexpen-
sive signal amplification technigues. Negative factors are the close
tolerances required between the pattern and nozzles, possible high
consumption of air, and potentiel signal trensient troubles.

Judicious comparison of the foregoing methods of pattern



sensing within the prescribed project framework 1lsd to the conclu-
sion that the economic advantages and versatility promised by devel-
opment of a pneumatic needle control system clearly outweighed the
merits of the other concepts. Furthermore, the disadvantages of the
air pressure approach also appeared less irherent and therefore more
likely to be alleviated. Accordingly, investigation was begun fo
evaluate possible avenues for amplifying the pneumatic pattern

signals.

Signal Amplification

Fluid Amplifiers

Since the 1960 announcements by the Diamond Ordrance Fuze
Laboratories regarding fluid amplification, interest in fluid ampli-
fiers has grown very rapidly. As a result, considerable research
is now taking place in this area. A survey of the literature con-
cerning fluidic devices (6, 7, 8, 9, 10, 11) revealed a number of
plausible approaches to amplification of pneumatic signals. A
brief description and evaluation of several of these devices is
given in Appendix A.

In general, a control system using fluid amplifiers would
be relatively inexpensive to manufacture, would be virtually free

of wear, and would utilize inexpensive patterns which in turn would
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be subjected to little or no wear. Totential 1iabilities of such a
system are possible high air consumption, fouling from the atmes-
phere, and transient problems (particularly in staging concepts).

Use of fluid amplifiers in this project as a first approach

was rejected for the following reasons:

1. Although a great deal of research has already been con=-
ducted toward the development of amplifiers which might
well be useful in this application, proprietary interests
apparently have resulted in specific design specifica-
tions and related information being omitted in the
literature. Therefore considerable experimentation
would be necessary just to achieve reasonable dupli-
cation of existing knowledge.

2: 'There is no assurance that a fluid amplifier unit is
the best choice of pneumatic system, particularly in
view of other potential sclutions that have not been
investigated.

Ball Amplifier

A very simple device which can be used for air signal ampli~
fication is the ball amplifier (12) shown in Figure 10. An unbal=-

anced force will cause the balls to shift In the confined space.
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Figure 10, Ball Amplifier.

With no signal applied as in (A), the power supply is transmitted
past the smaller ball into the lower port. A signal pressure some-
what smaller than the power supply will, when applied to the pro-
Jected area of the larger ball, cause the balls to shift into the
position (B), thus blocking the power supply and venting any trepped
pressure at the same time.

Such an amplifier is easy to manufacture and inexpensive.
Ball diameters of from 1/16 to 3/8 in. can readily be used with
supply pressures from fractlons of 1 psig to 100 psig. Response
fregquencies ebove 500 switches per second have been observed. Yet
physical limitations make it difficult to use a ratio of ball

diameters greater than two to one, meaning that a maximum amplifica-
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tion of four is obtaineble from the device (unless the air power
supply is cycled). While this degree of amplification may he
adequate for the pneumatic control system, very little safety factor
could be incorporated in the design.
Spool Valve

Another way to amplify a pneuvmatic signal makes use of a
conventional spocl valve construction as drawn ir Figure 1i. Hers,
an air pressure signal will displace the spool to the right against
the spring force until the supply pressure ports are uncovered (and
the exhaust ports are blocked), allowing the supply air o flow
through the valve and out of the transmission ports. In most sppli=
cations, spool valves (13) must be very accurately made in order to
limit leakage, and close tolerances result in expensive manufactur-
ing costs. But for use in the control system for a tufting machine,
where minor air leakage is not of great concern as long as the valve
functions properly, a spool valve of less than ordinary tolerance
specifications would be entirely satisfactory.

An important asset of the spool valve is found in the
variable amplification ratio that can be achieved if desired. Ex~-
cept for the indirect flow force exerted by the supply sir, the

mass of the spool and the spring constant (and friction' are all
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that 1limit the pressure level that can te accommodated at the supply
ports, even though the signal pressure may be relatively small. As
a result of this versatile feature, a safety factor could automat=
ically be incorporated in a system which uses spool valve ampiifica-
tion, because the supply pressure can be increased if needed. Also,
as illustrated in Figure 11, the spool valve lends itseli readily
to division of one pattern signal into several power signals with
which to accomplish needle control., Chiefly for the reasons justi
given, the spool valve approach was selected cover the cther
methods of signal amplification described. When comparing other
characteristics the spool valve consumes less air than ell except
the ball amplifier, is less subject to transients, receives more
wear although not a great deal, and is more expensive but still
relatively low in cost.

At this point of the evaluation procedure, it was decided
to pursue development of a control system for tufting machinery
which empiloyed a pneumatic pattern sensing scheme with a spool
valve signal amplifier. There remalned the means of needle engage-

ment to be conceived.

Needle Engagement

In order to fully comprenend the context in which arrange-



ments for controlling the tufting needles were analyzed, it is help-
ful to understand that the orientation of the needles is critical
and that deviation from proper orientation will result in needle
and/or cutting hook destruction. In the tufting machine using the
needle holder pictured in Figure 2, a metal edge riding 1o the flat
maintains the orientation of the holder and needles. The lover
recess lip of the same flat serves to latch the needle holder 1o the
drive bar by means of a pin thrust against the flat by solencid
action.

In view of the single needle control feature to be included
in the system as well as the restriction preventing staggering cof
needles; & scale-down versicn of the holder of Figure 2 would not
be satisfactory, because not enough flat surface could be machined
on the smaller dismeter shank for orientation purposes and the edgze
of the flat would not be deep enough for latching. So, the decision
was reached to make the needle holders rectsngular in cross section
to pass in a conforming siot, eliminating the problem of orisnta-
tion and providing bulk for latching reasons. Of course, holes are
easier to drill than slots are to machine, buf it was believed that
the rectangular holder and slot arrangement would have less critical

wear restrictions than the flat on existing holders and that longer
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life would be a fortunate conseguence.

Before deciding upon a specific mechanism with which o
engage the needle holder, attention should also be given wo the
timing aspect of engagement. 1t is imperative that the needle
travel the full stroke of the drive bar, or not enter the cutting
zone at all, because~-as with misoriented needles--needles at im-
proper elevation also cause breakage. In effect, this restriction
means that needle engagement can only be effected near the top of
the drive bar stroke. Also, if a positive method of engsgement
such as direct cam action were employed, some means c¢f symchron-
ization of the pattern signals with the position of the drive bax
would be necessitated, It is desirable, of course, to avoid such
timing constraints if feasible,

Several pursuits to the problem of latching a needle holder
to the drive bar were considered in which various forms of indirect
cam action produced the engagement. Still, such approaches re-
quired conversion of the pneumatic pawe? signal from the spool
valve into some means of cam actuation. The possibility of direct-
ly converting the pneumatic signal to a latching operation by means
of & spring-loaded piston was then considered, which emphasized

problems associated with the 3/16 in. needle spacing.
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For the advantages of simplicity, the approach finally
selected was direct as illustrated by Figure 12. The iniet power
signal from the spool valve displaces the spring-lcaded plunger into
a notch in the needle holder in order to latch the holder to the
drive bar. The piston tip is alisc notched in conformance with the
needle holder recess to prevent disengagement during a tufting
stroke. A restraining spring on the holder insures that contact is
maintained at the notch. A cast iron striking bar stops the holder
near the top of the stroke to allow the piston tip to be released
or inserted into the notch. Aside from being inexpensive and long-
lasting, cast iron was chosen for the striking bar primarily because
of its high damping capacity (14} in order to minimize the potential
bouncing action as the needle holder hits the bar., The spacing
problem is solved by staggering the piston assemblies (and corres-
ponding needle holder notches) on 3/8 in. centers. Note that no
synchronization restriections are placed on the patiern signal with
the arrangement employed in Figure [2. A signal may begin or end
at any time during a stroke, but the engagement or release of a
needle holder can take place only once during a stroke cycle--at
the top position of the drive bar.

Finally, after examining and evaluating a number of alterna-
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tive approaches to pattern sensing, signal amplification and needle
engagement, an overall concept for a needle control system emerged
as represented in Figure 13. A raised-surface contour pattemrn
creates & pressure signal as it restricts the mouth of a sensing
nozzle. The transmitted pressure signal opens a spool valve admit-
ting two power signals to latching pistons positioned symmetrically
from the center of the needle drive bar.

There remained the analytical and experimental investiga-
tions needed to develop a specific system within the framework

of Figure 13 and to substantiate the success of the development.
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EXPERIMENTAL INVESTIGATIONS

Nozzle Develorment

Most experimental testing for the project was intended to
verify some phase of mathematical analysis or to confirm the func-
tional success of a concept. However, mathematical analysis of the
sensing nozzle (see Chapter IV) toock place concurrently with the ex-
perimental work. In fact;, nozzle testing was largely guided by a
study of parameter effects during development of a mathematical
model for the system. Thus, the selective tests made during nozzle
development were an integral part of the analysis lesading to the
final nozzle choice.

In the beginning the nozzle concept was that of a simple
drilled hole tapped transversely as shown in Figure 9. The obvious
points of question concerned the diameter and length of the base
hole and the position of the tap. Neglecting for the moment less
fundamental factors, the basic criteria upon which to judge nozzle
performance were the extent that signals to sew and not to sew were

distinguishable and the reproducibility of results. With these
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essential requirements in mind, experiments to examine nozzle rchar-
acteristics were begun.

The basic manifold used for most of the static nozzle tests
is illustrated in Figure 14. Air is supplied into the trunk of the
manifold which opens into a plenum behind a removeble face plate.
Test holes can then be drilled around the periphery of the face
plate as desired. An edjustable blocking bar is positioned a known
distance away from the mouth of a test nozzle by shim washers as
shown. In this manner the blocking bar simulates a stationary pate
tern., In practice, it was necessary to verify the gap at the noz-
zle mouth with a feeler gauge and to make shim adjustments accord-
ingly. A picture of the nozzle testing apparatus used is shown
in Figure 15.

The first series of tests were made simply to measure the
tap backpressure characteristics for seven distinct nozzle con-
figurations as the gap between a nozzle mouth and the blocking bar
increases from closed to 0,010 in. The different nozzle arrange-
ments and their resulting characteristic curves are drawn in Figure
16. A gauge manifold pressure of 4 in. Hg was chosen for conven-
ience. The first three nozzles shown were compared in the initial

test. Tapping close to the mouth as in nozzle 1 produces a sig-
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Figure 15. Nozzle Testing Apparatus.

nificantly greater contrast between a blocked (i.e., small gap) and

an open nozzle than does tapping near the manifold plenum as in
nozzle 3. From Figure 10 it is apparent that the smaller 0.031 in.
base hole of nozzle 2 is better yet. A factor (not shown) that be=-
came evident in several early efforts to make the first three noz-
zles was the effect of the drill sharpness on the performance curves.
This variation’ together with the critical tap locatlon foretold
problems in manufacturing numerous nozzles of this general type
having essentially the same behavicr in use. In addition, test
results not glven demonstrated that base hole exit conditions also

affect the characteristic curves cf nozzles made as in examples 1, 2,
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and 3.

A second test was designed %o compare nozzles U, 5, and 6.
Nozzle 4 was checked for possible reference purposes oniv. The in-
tent in testing nozzle 5 was to determine the outcome of tapping the
base hole as close to the mouth as possible. This was accompliched
by drilling angularly to intercept the tase hole. The dscrsase in
tap backpressure with the nozzle open appeared insufficiznt to
Justify angular drilling in mass scale. Even more than expectad,
nozzle 6 succeeded in maximizing the contrast between an open and
closed nozzle. This nozzle was constructed by stopping a G,070 in.
base hole dril? just short of the inside of the face plaie and com-
pleting the rozzle by drilling through with a 0.040 in. drill, thus
creating an orifice. As se¢n in Figure 16 for the open nozzle 6,
virtually all of the pressure drop btetween the manifold and atmos-
phere takes place tefore the 0.070 in. base hole is tapped--that is,
across the orifice.

Having concluded then that an orificed configuration as in
nozzle 6 was the logical choice, the last preliminary test was con-
ducted for nozzle T, which is essentially the same nozzle using a
sharp-edged orifice. This two-pieced arrangement is much more

practical both to manufacture and to reproduce. As evidenced by
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the characteristic curve, the istter nozzle produces the sharp con-
trast desired between a blocked and open mouth. In addition; since
almost all of the pressure drop occurs across the orifice, factors
such as the location of the backpressure tap or the sharpness of
the drill are no longer critical to the successful performance of
the nozzle.

The next stage of nozzle development tests were reeded to
tentatively bracket the optimum size range for the base and orifice
holes, The mathematical relationship derived to descrite the behs-
vior of the nozzle in use (see Chaptsr IV) revealed that ithese two
parameters were--with the exception of the manifold pressure and
the ‘shim gap--the most dominant factors in determining nozzle
behavior. At this point i1t was necessary to amplify the definition
of performance being sought. TIf the nozzle mouth were to e fuvlly
closed by the pattern fo create a signal -to sew, maximum contrast
between signals to sew versus not to sew could be achieved. However,
in order to insure full nozzle closure at one extrzme of manufac-
turing tolerances, some pressure would need to be appli=d to the pat-
tern at the opposite extreme.

Thus, provision to completely close a nozzle mouth immediate-

ly introduces the undesireble feature of pattern wear into the over-
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all picture. A good deal of unfortunate experience has accumﬁlated
in small tufting mills with patterns of light construction wearing
out, a factor which in part explains the continued use of the expen-
sive but sturdy phenolic drum patterns. From this standpoint an
arrangement whereby the pattern doss not touch the nozzle mouth 1is
preferable as in the case of the photocell sensing technigue of
Figure k.

A folded half-scale pattern for a conventicnal ten feet
square bedspread could encircle & drum 19 in. in diameter and 30 in.
long. Careful machining of the drum could produce a surface round
within a tolerance of 0.001 in., and the transverse diemetral dimen-
sion can be held within 0.0005 in. Allowing for wear adjustments
and slight pattern thickness variations., it was decided that a rnomi-
nal distance between the pattern surface and the face of the piece
containing the sensing nozzle shouid be about 0,002 in., in order
to prevent pattern wear. To provide a still greater factor of
safety, a distance of 0.003 in., was chosen for purpcsss of design
and evaluation. Therefore--remembering the 0.001l in. roundness
tolerance~~to select the desired nozzle; the contrast in tap back-
pressure between a shim gap of 0.004 in. and open (i.e.; near 0,010

in.) should be used as the prime criterion.



39

The characteristic curves resulting from tests to select the
best choice of base and orifice holes for the sensing nozzle are
given in Figure 17. A4n orifice hole of 0.0135 in. diameter is seen
to be too small regardless of base hole size, because virtually the
entire range of backpressure variation is completed within a gap
spacing of less than 0.004 in. Although the 0,025 in. diameter
orifice tests yielded the desired backpressure contrasts between
a 0,004 in. gap and a 0.010 in. gap, the relatively high backpres-
sure remaining at the 0,010 in. gap is not desirable, because a
threshold of signal pressure at which the spool valve would not
actuate could thus become as important a control standard as that
which would actuate the valve. The same objection is found with
regard to the nozzle having a 0,031 in. base hole and a 0.020 in.
diameter orifice., From Figurs 20 the conclusion was reached that
the optimum choice of orifice hole was 0.020 in. with & base hole
of about 0.052 in. or 0.040 in., depending on the amount of signal
contrast necessary. In view of the 3/32 in. (half-scale) spacing
of nozzles, a base hole much larger than 0.052 in. would be physi-
cally impractical.

Now that the choice of nozzle was reasonably well bracketed,

more specific information was needed regarding the possible inter-



Li.00

3000 1

(Gage)

In, of He

2,00 1

TAP BACKPRESGURE

Figure 17.

SHIM GAF

Crifice
Hole

Base
Hole

Base Hole

Diameter

T L——
.r_\h(_)n e

031n

Orifice Hole

Diameter

JO0135" — 1
20" — 2
.025" B 3

In,.

Effect of Nozzle end Orifice Hole Variation.

Lo



L1

action of adjacent nozzles. First a simple test was run to compare
the backpressure of three adjacent nozzles to learn what effect, if
any, one nozzle has upon another. The curves of Figure 18 were ob-
tained using three nozzles spaced 3/32 in. apart and having a 0,040
in. diameter base hole and a 0.021 in, diameter orifice hole. The
difference in tap backpressure of the center hole was relatively
small as shown, but was definitely significant from the standpoint
of measuring thresholds. For this reason all further tests were
made with three properly spaced nozzles flowing, and data was always
taken from the center nozzle tap.

The next nozzle test was conducted to demonstrate an inherent
safety factor in the pneumatic concept being developed. As seen in
Figure 19, the simple expedient of raising the manifold pressure
supplying the nozzles alsc railses the backpressure signal strength
at a gap below 0,004 in. much more than the strength is raised at a
0.010 in. gap. Thus, if a control system began operating poorly due
to wear, pluggage, or the like, it would be entirely possible that
a temporary solution would be to raise the pattern sensing manifold
pressure until a convenient period for cleaning or repairs could be
scheduled.

The curves of Figure 19 apply to a nozzle having a 0.052 in.



TAP BACKFRESSURE ~in, of Hg (Garpe)

L.00 A
i L021" Orifice
B Holes
.Oho"
1 Base
L Holes
3/32v
2.00
L85 4
- e
O ,OO T Ly r L T T T T T T ;: ¥
002 0oL 006 00 010 OPEN

SHIM GAP~In,

Figure 18. Interaction of Adjacent Nozzles.

L2



In. of Hg(Gage)

TAP BACKPRESSURE

8.00

7.00

6.00

5.00 -

L,00

3.00

2,00

1.00

0.00

000

See Detail A
For Center
Hole

020" Crifice

%/’Hole
3
052" HSase

Hole
DETAIL A

Manifecld Pressure

(:) L" He
(:) 6" He

8" Heg

T T —_—

L,002  ,00L 006 J00R .010 OPEN
SHIM CAP 1In.

Figure 19. Effect of Manifold Pressure Variation.

L3



Ly

base hole. Those for a 0.040 in. base hole were similar, but the
pressure at a gap of 0.010 in. was found significantly less for the
0.052 in. hole as also evidenced in Figure 1T7. The difference is
probably a result of the greater area of alir escape of a larger
hole versus a smaller hole if both are blocked the same distance
from the mouth. As previously explained, the low pressure at a
0.010 in., gap 1s desirable to avoid involvement with a second sig-
nal pressure threshold.,

The last series of static* experiments for nozzle development
were concerned with the signal threshold between adjacent nozzles as
a raised pattern surface blocks the mouth of one nozzle and not the
other. One reason for making these *tests was to determine how ac-
curately a patiern edge would hawve to pass between two adjacent noz-
zles in order that a straight line is sewn paraliel to the side of
a bedspread. Several tests wers run having this general purpose,
and some basic results are presented in Figure 20. The A series of
curves presents the tap backpressure characteristics with the edge

of the raised surface of the special blocking bar just covering a

*Note that the slow (less than one in. per second) travel of
the pattern past the sensing nozzles gave no cause to anticipate
transient problems which might change the coneclusions reached from
static evaluation of nozzle performance.
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nozzle mouth completaly, The B series of characteristic curves werse
measured with the blocking bar edge just hefore covering a portion
of the mouth of the adjacent nozzle. For a given menifold pressure
at a shim gap below 0.004 in., it is seen that a distinct coatrast
exists between positions A and E of the blocking bar. For example,
if the manifold pressure supplying the sensing nozzles is 6 in. Hg
at a shim gap of .003 in., any signal threshold between 0.3 and 1.°%
in. Hg would permit a pattern edge to vary at least over ithe dis-
tance between adjacent holes (corresponding to blocking bar posi-
tions A and B of Figure 20), 0,042 ir., without causing an edge
stitch either to be added or missed. Further test results indica.
ted that partial overlapping of the sensing holes can even occur
without interrupting the sewing edge.

In Chapter IV the nozzle behavior is described analytically,
and the specific effect of changing physical parameters is explained

with regard to a balance of several design objectives.

Pattern Materisli

Having decided to employ a raised surface contour style of
pattern for reasons already explained; a search was conducted to
find a way to produce such a pattern. After consulting several manu-

facturers seeking suitsble materials, it was learned that products
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ideally suited for the purpose were commercially available, One
range of products (called either Dycril or Templex as trade names)
by the DuPont Company was selected for the tests.

A sketch of the pattern material during and after processing

is given in Figure 21. A photosensitive material is laminated to a
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Figure 21. Pattern Material.

support backing with a bonding substance. The chosen pattern
design in the form of a photographic negative is held in contact
with the material during an exposure to ultraviolet light. The
light rays pass through the clear sections of the negative to form
the pattern design image. The unexposed areas are washed away with
a dilute aqueous sodium hydroxide solution. A pattern can be made

in about 20 minutes for well under 1100, a price very favorable com-



pared with that for phenolic drum patterns.

The material illustrated in Figure 21 is available with steel,
aluminum, or flexible plastic support backing., Relief depths from
0,008 in. to 0.042 in. may be selected. The flexible support backing
(trade name is Cronar) is manufactured with a relief depth of 0.008
in., only, a value in keeping with the results of nozzle tests already
described. ince the advantage of flexibility* is coupled with cost
lower than for steel-backed material, it was decided to test the
0,008 in. relief, Cronar-supported patiern materisl as a first

choice,

Response Measurements

In order to verify the analytical studies to he described
in the next chapter, instrumsntation was needed to measure and re-
cord the pressure transients at several strategic locations in a
simulated needle control system. For this purpose a Statham strain
gauge differential pressure transducer, Model No. PM2951C X 10-350,
was purchased. The wiring diagram for this transducer circuit is

given in Figure 22. A calibration circuit {shown dotted in the

*Note that a choice of steel backing would necessitate spe-
cial forming of a cylindrical pattern and would be more difficult
to attech to a drum.
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Figure 22. Wring D agram for Pressure Transducer

figure) was also built as specified by the manufacturer to facilitate
instrument calibration. The transducer was applied to the points

of nmeasurenent and operated in conjunction with a Sanborn Carrier
Preanplifier, Mddel 350-11Q0CB. The neasurenent results were then

di spl ayed on either the correspondi ng Sanborn recordi ng system or

the screen of a Tektronix type 56H oscil | oscope.

Sone neans to sinulate a rotating pattern drumwas needed,
and for this purpose a precision gear train froma war surplus gun
turret was adapted. The train was powered by a DC notor, the speed
of which was adjusted using a Dodge SCR control unit. A pattern
was simulated on the face of one gear of the train in a fashion to

be described later. Three adjacent nozzles were nachined into a



