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ABSTRACT 

Optimal Design of a High Speed Rotary Braider 

By J Goodwin 

The aim of the work is to improve the performance of rotary braiding machines. 

An appraisal of existing rotary braiders concludes that all are limited in 
performance by one or more of the concepts they employ. None have been 
designed to optimise more than one or two aspects of the rotary braiding concept. 
An increase in overall machine performance may be wrought by ensuring all the 
major areas of the rotary braiding concept are optimised in unison. The design 
optimisation is divided into two sections. -- 
The first is the theoretical and experimental study of the wire (product) 
behaviour. This allows a "wand" mechanism, that guides the wire, to be designed 
which complements the criteria for wire control. The control of the outer wires 
being fundamental to the performance of a rotary braider. 

The second is the inner bobbin carrier format which encompasses optimisation of 
bobbin orientation, design of the carrier support bearing system, and selection of 
the inner carrier intermittent drive. 

Within these two broad sections are five study areas which are ordered to allow a 
logical progression, in which the conclusions from one study ideally form the 
boundary conditions or specification for the next, although a degree of iteration is 
necessary to achieve the overall optimal design. 

Test rigs. are built to correlate theory with experimental results in two of the study 
areas above. These are an experimental study of wire behaviour and wand 
motion, and an experimental study into inner carrier track roller bearing 
behaviour. 

These study areas are those primaril governing performance and, based on the 
results, a proposal for the concept of a prototype machine design is made which increases performance by 75% over the current market leading machine. 
The collaborating company's implementation of this machine concept is outlined 
together with a recommendation for further work. 

Ph. D. Thesis March 1990 
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CHAPTER ONE 

INTRODUCTION 

1.0 The Braiding Process 

Braiding is a reinforcing or covering technique usually applied to a product core, 
using wire, yam or composite strands and is effectively continuous, circular 
weaving (fig 1.0.1). 

Braid is used for an increasingly wide range of products which span over 30 
different industries. Some of the familiar applications include cotton shoe laces, 

nylon cord, copper wire cable screening (co-axial cable), steel wire reinforced 
hydraulic hose, kevlar cable armouring and more recently using carbon fibre for 

propellor blades, drive shafts and aircraft components (flap control rods and 
ducts, etc. ). 

Product Core 

Single or Multiple 
Ends of Yarn 

Figure 1.0.1 Braided product 

To produce braid the material, in the form of single or multiple ended strands, is 
woven onto and around a core to form intertwining helical lays from opposite 
directions of rotation. As in weaving, many different braid patterns are possible 
but the type most common in industrial use is the "over two, under two" (2: 2) 
pattern in which each strand passes first over two and then under two strands 

1 



from the opposite direction of lay. Other, less common, patterns in use are 1: 1 
(basket weave), 2: 1 and 3: 1, and all can be produced by automatic machines (i. e. 
braiding machines). Certain types of braider also produce a flat braid and many 
other variations are used for very specialist markets. 

The weaving motion required to form braid can be achieved by either moving the 

entire strand carriers in and out of one another along contra-rotating, undulating 
paths, or, by guiding only the strands from one set of carriers around the other set 
of carriers to form the weaved braid pattern at the machine centre. The former 

concept is associated with so called "maypole" braiding machines, because of the 

similarity with the traditional folk rites dance, and the latter is associated with the 
"rotary" braiding machine since the strand carriers move with purely rotary 
motion. 

Most braid may be broadly categorised into two basic types regarding their 
purpose or function: 
a)The braid adds strength and is an integral part of the product to such a degree 
that it must be practically fault free to retain uniformity. Hydraulic hose is 

generally reinforced by this method of braiding. 
b)The braid acts as a secondary protection or covering for the core product and 
minor faults (such as individual wire joins) may be tolerated. This type of braid is 
used as electrical cable screening and armoring. 

The major differences between the two types of braid is the length of product 
which can be braided in one continuous run and, to a lesser degree, the strand 
tension. 

The braid type described in a) normally requires large strand package sizes since, 
to avoid wire joining faults, all bobbins are replaced when one runs out. High 
tensions are often used for this type of braiding and it is therefore termed "heavy" 
braid and is generally produced on "maypole" braiders. 

In contrast the braid described in b) requires lower tensions and, since strand 
joining faults are tolerated, smaller package sizes. The bobbins are replaced 
separately as they run out which enables infinitely long lengths of product to be 
braided if necessary. This type of braid is often referred to as "light" braid and is 
produced on rotary braiders where a high production rate is required. 
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Although braiding is a relatively slow process compared to other covering 
techniques, such as spiral wrapping and circular knitting, it has superior 
properties as a structural, reinforcing and electrical screening medium. In many 

structural and reinforcing applications, such as hose and drive shaft manufacture, 

spiralling has superior unidirectional strength yet is extremely difficult, hence 

costly, to produce correctly and does not have the overall robustness and 

versatility of braid. 

Indeed many of braidings latest applications take advantage of its ease of 
manufacture and multidirectional strength properties. A good example of this is 
the carbon fibre propellor blade. 

Composite material technology has opened a whole new area of applications for 
braid and particularly one-off maypole braiders. 

3 



1.1 Conceptual Differences between Maypole and Rotary Braiders 

Braid is produced on two types of machine, termed the "maypole" braider and the 
"rotary" braider. 

The maypole machine effects a braid by displacing the entire bobbins (and 

carriers) radially in and out of one another as they rotate. The two sets of 
bobbins are driven in opposite directions around the machine on two 
intertwining, continuous, tracks cut into a base plate, as shown in figure 1.1.1. 

Moving Bobbins 
Undulating Bobbin 

Carrier Tracks 

Product Core 

Figure 1.1.1 Schematic of a maypole braider 

The drive to each carrier is performed by slotted discs called horngears which lie 

within the two tracks. Each disc engages with a peg on the base of the bobbin 

carrier and the carrier is guided over the track cross over point by a boat shaped 
follower which runs in the track. The carrier drive is thus transferred to the next 
slotted disc and is propelled around the machine in this manner. The major 
shortcomings of the maypole braiding concept are the large changes in 

acceleration induced on the carrier and bobbin mass as it passes over the track 

crossings. These changes are usually discontinuities in acceleration but even if 

eliminated the forces involved severely limit the speed of the maypole braider. 
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An added drawback is that without a large braiding ring, the length of wire from 
the bobbin to the product varies enormously leading to poor tension control 
which is generally undesirable, although this can be usefully exploited in hose 
braiding. 

The rotary machine, in contrast, effects a braid by displacing only the wires, from 
the outer of two sets of contra-rotating bobbins, in and out of every other inner 
bobbin and carrier as shown in figure 1.1.2. 

f Pro uct core 
Inner Carrier 

Track Slot 

Figure 1.1.2 Schematic of a rotary braider 

The outer wires are deflected by stationary guides or separate "wand" 
mechanisms. As its name suggests, both inner and outer bobbin sets move with 
purely rotary motion and are not subject to any changing accelerations. The inner 
bobbin carriers run on a track which may be stationary but usually rotates with the 
outer bobbin carriers and wand mechanisms. This track features deep slots which 
allow the outer wires to be guided between the inner carriers and also allow the 
inner carriers to pass over the outer wires whilst at the bottom of the slot. 
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The inner carriers are propelled across the slot in the track by an intermittent 
drive system (shown as bevel gears in fig 1.1.2). In this way the weaving action is 

produced at the product which passes through the machine centre. 

This point, on all types of machines, is referred to as the braiding point. To 

achieve a desired braiding angle between outer wires and product centreline the 
braiding point is positioned using a die, or ring, which fits closely around the 

product as shown in figure 1.1.3. 

Wire from braiding machine 

Product core 
Final braiding angle 

Braiding ring 

(Two wires only shown) 

Figure 1.1.3 Braiding ring 

The fundamental differences between the maypole and rotary braiding machine 
concepts accounts for the difference in running speed of between 1.5 and 3, in the 
rotary braiders favour. Indeed most rotary braiders are over twice as fast as their 
maypole counterparts. 

This would suggest that maypole braiders are not appropriate where production 
rate is of any importance. However, the maypole is an essentially planar machine 
and a standard horngear and carrier may be used on many sizes of machine, only 
the track plate need be different. This vastly reduces the complexity and cost of 
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manufacture over the essentially spacial rotary braiding machine, which requires 
large castings or fabrications for the basic framework. For this reason the rotary 
braider is generally used only when high production rates warrant the extra cost. 

1.2 History of Braiding Machines 

The first braiding machine is thought to have been invented by Thomas Walford 
in Manchester in the 1740's. His patent from 1748 describes "an engine or 

machine for the laying or intermixing of threads, cord or thongs of different kinds, 

commonly called plaiting", which was later referred to as the maypole braider 

concept in that the bobbins moved to produce the weave. 

Shortly after this, in 1767, Johan Heinrich Bockmuhl is thought to have invented a 
similar machine in Wuppertal, Germany, which was copied and developed mainly 
in Wuppertal and France. Many braiders were adapted to manufacture bobbin 
lace by controlling the separate bobbin paths using a Jacquard device. 

Maypole braiders have been steadily developed and currently run at horngear 

speeds of up to 250 rpm, equivalent to 42 rpm of the carriers around a 24 carrier 
machine. The principle of moving each bobbin along undulating paths, however, 

still remains. 

Rotary braiders, or rapid runners as they were first called, originated from twin 
deck maypole braiders and appear to have emerged as early as 1866 when Von 
Veerkamp and Leopold patented such a machine in Britain. Although this format 
has been used on many machines since, a layout patented in the USA by James 
Tragurtha in 1891 has become the norm for high speed machines. Wardwell 
(1907) in America and Tobler and , Horn (1916) in, Germany patented and 
successfully developed to manufacture various types of rotary braider. 

Although slowly advancing, the design of rotary braiding machines has effectively 
stood still for 20 years with Spirka being the last moderately successful new 
machine which is itself based on the machine described by Tragurtha. A twenty 
four carrier state of the art rotary braider will run at approximately 90 rpm unless 
very light bobbin pay loads are employed. 
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13 The Braiding Machine Market 

There are approximately 250,000 braiding machines in use worldwide, of which 
90% are maypole braiders. 

The majority (70%) of braiders are operated by small companies whose activities 
cover a wide range of industries. This is probably the reason why 60% of braiders 

are over 20 years old, since the smaller companies have a lower "turnover" of 
braiding machines. 

There are, at present, over 40 different braiding machine manufacturers world 
wide and the market may initially be split into that for the maypole braider and 
that for the rotary braider. 

MWole Braiders 

The maypole braider market may be broadly divided into three groups: 
1)The very large "one-off' braiders such as the Babcock, 196 carrier, propellor 
braider which often receive widespread publicity yet represent only a small 
proportion of the market. This type of braider is often a larger version of a more 
common, smaller machine and uses standard horn gears and carriers, etc.. They 

are normally very slow since speed is rarely a prerequisite of a "one-off' braider. 
This market is growing, with the increasing use of composite materials to braid 
large diameter products, particularly in the aerospace industry. 
2)The commonly termed "super maypoles", which range from 16 carriers upwards, 
represent the forefront of maypole braider technology and are capable of high 
output, have high tension capability, and a large carrier pay load capacity. Most 
are used in the hose industry where the high production rates achieved are of 
paramount importance and capital cost less so. The leading companies producing 
such machines are Mayer-Rothkopf (MR-11), Rockwell (225), De Angeli and in 
the very near future Babcock Wire Equipment. This type of machine represents a 
very lucrative market, although limited in numbers, and machines typically cost 
(for a basic 24 carrier braider) between £40,000 and £80,000 each. 
3)The most common maypole braiding machines are the much more basic, and 
generally smaller machines ranging from 3 to 48 carriers. These are slower than 
"super maypoles" and have a lower carrier payload capacity, yet can cost as little as 
one quarter of that of a comparable "super maypole". Many of these machines are 
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specials, adapted from a standard machine for a specific product. There are over 
30 small maypole braider manufacturers world wide today and this market is not 
dominated by any single company at present. 

The inherent versatility and range of applications of the maypole braider results 
in a relatively stable market, especially for the smaller machine manufacturers, 

which is not greatly effected by changes in any one product demand. 

Rotary Braiders 

The rotary braider market may also be divided into several groups, largely 
dependent on the type of product. 
1)Rotary hose braiders occupy the larger end of the scale (24 + carriers), with the 
best competing directly with the "super maypole" machines. Most rotary hose 
braiders do not match the maypoles carrier payload (eg. Spirka)and are therefore 
restrictive in the length of hose they can produce but do, however, have a 
significantly higher production rate than even "super maypoles". The rotary 
braiders in this market are usually technologically advanced and those that 
compete in all areas with "super maypoles" (ie. the Rockwell RB-2 and, one day 
maybe the Karg) are very expensive, and obviously prohibitively so, for they at 
present do not enjoy the success of the "super maypoles". This market sector is 
relatively stable and small since it moves with the demand for braided hose. 
2)The second broad market sector is the cable screening and armouring industry. 
Machines in this area usually range from 8 to 36 carriers, with the most common 
being the 16 and 24 carrier braiders. High production rate, and hence speed, are 
important and it is in this area that the most technologically advanced machines 
exist. In terms of revenue, Spirka (West German) lead this market with their 24 
and 36 carrier machines which are approximately E27,000 each. However, the 
smaller, 16 carrier braider market is led by Wardwell (USA) whose machine costs 
only E8,000 but has neither the capacity nor the speed of the Spirka. Yet 
Wardwell sell many more machines than Spika and, although their machines are 
smaller, they are close to, Spika in revenue from this market sector. These 
machines flourish in this market because it is extremely lucrative with the cost of 
the materials, etc., far outweighing the capital cost of the braiding machine. This 
lucrativity is due in part to the boom in the telecommunication industry and is 
very much dependant upon it. It is not difficult to forecast the devastating 
effect a change to fibre optic communications would have on this market. Indeed 
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much the same situation occurred in the late 1940's and 1950's when extruded 
plastic wire insulation was introduced and braider demand virtually stopped for 

many years (though the second hand market then flourished). 
3)The third rotary braider market is the "yarn" braiding industry. This is 

concerned with braiding small diameter products from any non-metallic "yarn" 

and covers many products, including all types of cord, washing line, and shoe 
laces, to name but a few. The braiding machine capital cost is of paramount 
importance here because the product is relatively cheap and yet a maypole 
braider may not achieve the production rate required. Wardwell are the market 
leaders here, but almost every other rotary braider produced will braid yarn, if 

required. Most braiders in this market are operated by small companies. 

An overview of the Rotary Braider Market 

Wardwell (USA) currently produce the highest numbers, and have the highest 

revenue from rotary braiders, in the world. They produce at a rate of about 150 

machines per month. The best selling machine is the 16 carrier braider which is 

cheap (E8,000), reliable and compact. However, these machines are not "user 
friendly" (ie. they are difficult for the inexperienced to repair and maintain), they 
have a small carrier payload capacity, they will not allow the use of some materials 
(since the strands are deflected rather crudely by a stationary guide), and the 
spares are expensive. Indeed Wardwells "balance" between machine cost and 
subsequent spares cost has been criticised by many users. 

Spirka are currently running in second place in the world market for rotary 
braiders. In terms of numbers of machines, Spirka are a long way behind 
Wardwell, but in revenue terms they are very close. The most popular is the 24 
carrier machine which, has a relatively large payload capacity, a very high 
production rate (speed), can handle any material, and is extremely reliable. 
However, again these machines are not "user friendly", are very expensive both in 
capital cost (E27,000) and spares and use a large floor space since a sound proof 
enclosure is generally required. Spirka also has a2 year waiting list for delivery, 
due, principally, from an American company ordering 500 machine. 

Karg (USA) produce 24 and 36 carrier rotary braiders with large pay load 
capacity and a medium to high speed rating. The machines are still not running to 
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spec. and cannot accept full bobbin payload at maximum speed. Less than 100 

machines in total have been sold to date. 

Rockwell (formerly Textile Machinery Works, USA) produce 24 and 36 carrier 
heavy hose braiders which compete directly with the "super maypoles". These 

have a very high capacity and high speed and are very sophisticated, but cost 

approximately £ 120,000 each which is 50% more than the best "super maypole", 

and consequently they have sold very few (less than 10). 

Other companies perporting to market rotary braiders are, KWO (East German), 

De-Angeli (Italy) and Sokol (USA), but none are of any relevance to the overall 
market. Coba (West German), the worlds leading manufacturer of winding 
machinery have recently announced that they intend to enter the rotary braider 

market and compete directly with Spirka. 

Suitable Markets 

There are several markets in which a new and substantially improved rotary 
braider could successfully compete. However, it is clearly being unrealistic in 

attempting to design a machine to cover all the different markets simultaneously. 
Not, primarily, because this is impossible, but because such a machine must be a 
compromise and would excel in no single market, and for a new braider to 
succeed it must have a clear advantage over that particular market's leader, in at 
least one area. 

The possible target markets may be divided into three different sections. These 
being: 
a) To complete directly with existing maypole braiders of whichever industry is 
chosen. 
b)To compete directly with existing rotary braiders of a chosen industry. 
c)To introduce a rotary braider which competes directly with neither maypole or 
rotary braiders and yet is applicable to a specific industry or product. 

The market described in c) above is potentially both the most lucrative and risky 
since the opinions of braider manufacturers may not coincide with that of users. 
A good example of success here is Spirka who virtually created the market sector 
they now lead. Few, however, would recommend this course to a company based 
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in a country recovering from a recession and a decline in its manufacturing 
industry (ie. Babcock Wire Equipment, in Britain, in the mid 1980's). To 

compete directly with maypole braiders reveals two alternatives. Firstly, to 
compete with the "super maypole" hose braiders appears relatively straight 
forward, and the market is lucrative if a little small. 

Secondly, to compete with the much smaller, slower, cheaper and simpler "bread 

and butter" maypole braiders is very attractive indeed as development in this area 
has stood still for decades. However, the collaborating company (BWE) already 

market the latter machines described above and were planning a new "super 

maypole" braider. There was no point in developing a new rotary machine to 

compete directly with its own established product range. 

Competing directly with existing rotary machines, again, reveals two alternatives, 
both of which seem daunting. 

To compete against Wardwell would require a machine with substantially 
increased performance and a lower capital cost. The Wardwell is, effectively, a 
mass produced machine and this specification seemed unrealistic without 
substantial investment. 

It was decided, by BWE, to compete directly with Spirka since their machines are 
not mass produced, the target market was, and is, very lucrative and there is great 
demand for this type of braider (hence the two year Spirka delivery time). In 
addition, the high technological content required in such a design enabled 
collaboration with the SERC and, hence financial aid from government 
departments. 
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1.4 Review of Current Rotary Braiders 

At the time of writing the only production rotary braider in the market targeted 
for the new Babcock machine is the 24 carrier Spirka. There are, however, 

machines from other markets which can, under certain guises, braid products 
within the Spirka's range. 

Rockwell and Karg braiders are both larger bobbin capacity machines capable of 
moving down market, and Wardwell braiders are capable of moving up-market 
although the bobbin size remains small. 

1.4.1 Spirka 

The Spirka rotary braider has an initial braiding angle of 80° and bobbin capacity 
varies from 3 to 5 kg of copper wire, whilst the corresponding machine speed 
varies from 85 rpm to 55 rpm respectively. 

The inner carriers run on a plain intermittent oil fed track which revolves with the 

outer bobbins. The track features slots (25mm wide), for the outer wire paths, 
and the carriers are propelled over these, and around the track, by idler bevel 

gears mounted on the track base and driven from a central gear. These idler 

gears engage with bevel gear sections mounted on each bobbin carrier and the 
carrier drive is passed from one idler to the next. The outer wires are deflected 
by simple rocker arm wand mechanisms which are driven by a stationary wall cam 
around the periphery of the machine and so the wands move around the machine 
with the outer bobbins. The pivot for each wand is positioned to allow constant 
outer wire length throughout the wand's motion. 

In analysis, the machine speed is limited by the wand motion which, in turn, is 
restricted by the fatigue life of the alloy wand. The wand cam follower consists of 
a plastic shoe that wears rapidly and results in severe backlash in the wand drive, 
which exacerbates the problem of fatigue failure. The carrier track bearing is also 
near its speed/load limit since a fan is fitted to larger capacity (lower speed) 
machines to cool the track with a continuous blast of air. 

The Spirka machine bears an uncanny similarity with a rotary braider developed 
by Babcock Wire Equipment (then B&F Carter) in the 1960's which did not get 
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past production prototype stage. This, however, is not surprising since both 

machines originated from a Geider Horn design dating from 1916. 

1.4.2 Wardwell 

The Wardwell 24 carrier braider is intended for small diameter products and has 

a bobbin capacity of less than 1 kg and a running speed of approximately 90 rpm. 
The inner carriers run on a plain bearing track and drive is achieved with 
oscillating fingers which allow the wire to pass between carrier and drive hub. 

The outer wires are deflected by stationary guides which do not allow a constant 
wire length and, therefore, achieve poor tension control. Most problems with this 

machine are with the outer wires snagging due to inconsistent wire tension. 

The Wardwell is based on a design from 1907 but performs well in its present 
size. If an increase in bobbin capacity is required the shortcomings of using the 
Wardwell concepts would become acutely apparent. 

1.4.3 Karg 

The Karg 24 carrier braider is a large bobbin capacity (7 kg wire) machine which 
runs at 55 rpm. The inner carriers are driven by a system of spur gears and the 
carriers have roller bearings which run in contoured tracks. The braiding angle is 
55° and because the inner bobbins adopt this angle the bearings suffer very high 
loads. 

The outer wires are deflected by stationary guides and it is probably this in 
conjunction with the high carrier bearing loads which limit the speed. 

1.4.4 Rockwell 

The Rockwell RB2,24 carrier rotary braider is primarily a hose braider and 
competes directly with the "super maypoles", which it comfortably out performs, 
and out prices by at least 50%! The RB2 may use 11.3 kg bobbins and runs at 60 
rpm. 

Each inner carrier is supported by six rollers which run on a contoured track and 
is driven over the slots in the track by a pair of oscillating latches mounted on a 
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rotating hub, similar to the Wardwell system. The drive to each carrier is 

continuously changed from one latch finger to the other to allow the passage of 
the outer wire between the hub and the carrier. 

Each outer wire is deflected by a crank driven six bar wand arrangement which 

provides a degree of dwell at the extreme of wand travel but does not allow a 

perfectly constant wire length (from outer bobbin to braiding point) throughout 

the wand motion. The dwell in the wand motion is intended to allow larger 

bobbins to be utilised, but this effect is somewhat wasted since the motion of the 

wire is curtailed by a stop used to position the wire for correct operation of the 

carrier finger drive system. 

The braiding angle is 37° , again chosen to allow increased inner bobbin size 

without increasing the machine diameter, and a double braiding ring is used in 

which one of the rings oscillates to relieve wire binding and avoid braid crossover 
faults. The inner bobbins axes are also at 37° to the machine axis and bobbin 

volume utilization of the available space is therefore extremely good when using 
yarn. When wire is used the bobbin size must be reduced to reduce the loading 

on the track bearings. 

1.4.5 Summary of Present Rotary Braider Design 

All the current rotary braiders on the market are limited in performance by the 
concepts used in their design, and inevitably cost. The performance of these 
machines cannot be significantly improved by minor modifications to the existing 
designs. Whilst all the machines have good or novel features, none have been 
designed to optimise more than one or two aspects of the rotary braiding concept. 
For this reason it is not inconceivable that a substantial increase in overall 
machine performance can be wrought by merely ensuring all the major areas of 
the rotary braider concept are optimised in unison. 

15 



1.5 Design Strategy 

1.5.1 Design Aspects and Specifications 

The major aspects of a new design of rotary braider considered most important 

are: 
i) Cost 
ii) Reliability 
iii) Machine Speed 
iv) Bobbin Capacity 

v) Power Consumption 

vi) Noise 

The cost target of £27,000 for a 24 carrier machine is based on the price of a 
Spirka machine. 

The reliability of the overall machine is somewhat intangible until the whole 
machine is constructed and run. However, each component part must have an 
(L10) life of at least 25,000 hours. Although accelerated life tests are useful 
indicators, testing of this type is not convenient, and in many instances not 
feasible, in an academic environment, and were not undertaken. 

The target for machine speed was initially 150 rpm, although this was later 
deemed unecessarily high, for the envisaged market. 

The target bobbin capacity was initially as close to 10 kg of copper wire as 
possible, but was again changed throughout the project. 

The power consumption target was set at 5 kw, but considering the target speed 
and bobbin size, this figure was not rigidly fixed. 

The noise level of 85dB(A) was required for the machine running in it's sound 
proof enclosure. This is clearly outside the scope of the work covered here, the 
major difficulty being to translate individual component noise levels to total noise 
levels for the enclosed machine. However, noise reduction is considered where 
appropriate in the design of the various sections of the machine. 
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15.2 Proposed Design Procedure 

The fundamental functions required of a rotary braider are all interrelated to a 

certain degree, but the two broad areas of analysis and design are: 

a)Outer wire deflection. This involves the deflection mechanism and the method 

of controlling the wire behaviour and wire tension. 

b)Inner carrier format. The carrier, and everything attached to it, must fit into 

the conical region formed by the superposition of all the outer wire paths. There 

are three main areas of study related to inner carrier design: 

i) The size, configuration and orientation of the bobbin within the conical 

region. 
ii) Inner carrier support. This is effectively the carrier track bearing design. 
iii) Inner carrier intermittent drive system design. 

These broad areas of study encompass almost every moving part on a rotary 
braiding machine and must, therefore, determine it's performance. The obvious 

starting point in the design procedure is to determine the limits imposed on the 

rotary braiding concept by the dynamic behaviour of the materials to be braided. 

This forms a natural "boundary condition" for the complex relationships which 

exist between the various functions of a rotary braider. 

This starting point is, therefore, a study of the dynamic behaviour of the 
oscillating outer wire. The aim is to formulate a criteria relating wire end, or 
wand tip, motion to wire vibration between the wand tip and braiding point, 
where it is unsupported. 

The next logical area of study is to find a wire deflecting mechanism which 
satisfies the criteria for outer wire motion. This involves the selection and 
subsequent development of a wand mechanism. 

The motion of the outer wires is necessary to form a weave around the inner 

carriers, which follow a purely circular path around the machine. The wire 
motion, and hence wand motion, is optimised to allow the largest volume possible 
for the conical space (formed by outer wire path superposition) into which the 
inner carrier and bobbin must fit. 
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The bobbin configuration, shape, and orientation must be optimised to ensure the 
best use is made of the conical space formed by the outer wire paths. 

The aim is to find the smallest diameter machine which allows the specified 
bobbin capacity to fit into the conical space formed by the paths of the outer wires 
which are within the specified limit of control (ie. within a specific amplitude of 
vibration). 

Having determined the minimum theoretical machine size, the bobbin carrier and 
its support (track bearing) must be designed to also fit within the conical region. 
The performance of the bearing should allow the specified maximum machine 
speed whilst complying with general longevity requirements. 

The final step is to choose an inner carrier drive system and arrange the inner 

carrier to accommodate this. 

The order in which the various braiding machine functions are studied is intended 
to allow a logical progression in which the conclusions from each study (chapter) 
forms the boundary conditions or specification for the next. 

However, the entire optimisation process is iterative in an attempt to maximise 
the overall machine performance. 

To summarise, the study areas and the order in which they are presented is: 

i) Analysis of an oscillating wire 
ii) Wand Analysis 
iii) Inner Bobbin Optimisation 
iv) Inner Carrier Track Bearing 
v) Inner Carrier Drive and General Arrangement 
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CHAPTER TWO 

ANALYSIS OF THE MOVING OUTER WIRE 

2.1 Introduction 

The concept which is fundamental to rotary braiding is that of deflecting the wires 
from each of the bobbins in the outer set to pass in and out of every other inner 
bobbin and its carrier. The wire is deflected by a wand arrangement which guides 
the outer end of each wire with an oscillatory motion. 

In ideal circumstances the wire between the wand tip and the braiding point 
should remain straight at all times, as any deflection from this detracts from the 
space available to the inner bobbin and carrier. The wire must also pass into a 
slot in the inner carrier supporting track and any substantial deflection of the wire 
in this direction necessitates the use of a wider slot or stationary guides, both of 
which are detrimental to machine performance. 

The dynamic behaviour of the wire when oscillated must be determined to allow 
an acceptable wand motion to be found. This, in turn, enables the configurations 
of the inner bobbins and carriers to be optimised for maximum machine 
performance. 

The study of the wires behaviour entails the correlation of two different 
investigative methods, which are: 

a) Traditional dynamics which considers the individual influences on the wire 
behaviour at a fundamental level (ie. differential equations). This is solved in the 
major motion direction (0 -z plane) by using normalised coordinates and treating 
the wand tip motion as a driving function. Duhamels' integral method yields an 
expression for the various modal shapes possible for the wire span. The drag on 
the wire due to air resistance and the stiffness of the wire have been neglected 
since both induce relatively small forces on the wire. 
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b) Experimental results from test rigs. These show modal shapes and maximum 
deflections for two types of wand motion, which are; 

i) A wand motion which induces instability in the wire at relatively low 

speed. 
ii) A wand motion which the theory indicates is the optimum, and which is 

chosen for the final machine design. 
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2.2 Theory of Wire Behaviour 

There are three basic end conditions or movements applied to the wire span. 

a) The wand tip end of the wire is subject to an essentially oscillatory 
motion which effects the weave around the inner bobbins and which may be 

expressed as a fourier series. 

b) All the wands rotate at a constant speed about the machine/braid central 
axis. 

c) The wire is continuously drawn from the bobbin onto the product and 
therefore has a constant axial velocity relative to the end points. 

The end of the wire, at the braiding point, is assumed to have zero transverse 

velocity at all times, although it actually rotates with the outer wand pivot, but on 
a radius slightly greater than the product radius (ie. very small). 

The influence of the wires from the inner bobbins is neglected as this too occurs 

at a very small radius from the fixed braiding point. 

The wire between the wand tip and braiding point is subject to a number of forces 

which may be transposed into three axes as shown in fig 2.1.01. 

1) Inertia effects due to the wires own mass in the direction of net transverse 
accelerations (ie. Along axes 0 and 0). 

2) Tension force acting axially along the wire, although not necessarily always in 
the z direction, unless the wire is straight. The tension is assumed constant which 
is reasonable if both of the following conditions are satisfied: 

i) The transverse deflections are small. 
ii) Either a) The tensioning mechanism is capable of sustaining a 

constant tension even if the wire length fluctuates, which is 
unlikely. 

or b) The wire length, from wand tip to braid point, remains 
constant throughout the wands movement cycle. 
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3) A coriolis component is present, albeit small, due to the axial velocity of the 
wire, as it is consumed in the z direction and the net angular velocity of the entire 
wire about the braid point. 

4) Aerodynamic drag on the wire which is proportional to the net wire velocity. 
This is shown to be negligible in Appendix 2.2.1. 

5) The braiding stiffness of the wire (ie. its reluctance to bend from its natural 
shape, which may not be straight). This is proven to be negligible at the wire 
tensions envisaged in Appendix 2.2.2 

6) The wands move at constant speed around the product. The wand speed 
therefore varies slightly, but this is negligible both in terms of a tension field 

along the wire and increasing the coriolis effect over that covered in (3) above. 

Product 

Braid point 

oscillating wand 
Coordinate system used 

In vibrating wire theory 

Figure 2.1.01 'Outer wire and wand 
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Although the wand mechanism may be planar, it is assumed here that a simple 

rocker wand is employed. This being the simplest current method of achieving 

constant wire tension. The use of such a wand also leads to deflections of the wire 
in two planes. Figure 2.1.02 shows the orientation of these planes relative to the 

wand motion. These planes are split for convenience into the 0' plane and the 'P' 

plane. The net forces on the wire segments is likewise split into components in 

each of these two planes. 

component 
In'v' plape component 

ý' plane 

total force on 
wire segment 
at plane 'D' 

01(t) - wand motion 
wand position 

wand pivot 
view from C of cut plane D 

Figure 2.1.02 Base coordinate system used in the theoretical model 

The major plane (gyp') is essentially the plane of major wand motion whilst the 
minor plane (p') incorporates the terms due to the non planar nature of the wand 
tip locus (ie. crudely described as the centrifugal forces due to the wand rocking 
about a pivot). The coordinates 0 and -p represent the deflections of the wire 
perpendicular to, and relative to, the ideal straight path in the '- z' and ý' - z' 
planes respectively. 

The theory presented to combine the localised wire vibration (relative to its own 
axes tý -- z) and the major driving force function at the wand tip (expressed in 

the 0' - ý' - z' coordinate system) give rise to a tension field along the wire as long 

as the wire is moving. This change in tension is a maximum of approximately 0.03 
N/m for a triple harmonic motion. This is assumed to be negligible since the 

minimum nominal tension is 5 N. 
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2.2.1 Theory for Wire Behaviour in the zb -z Plane 

. _�uI. z' 

xy'(L, t) 

Z 

wire segment(r. kglm) [ 
z, z+ez. 

(view from arrow A in fig. 2.1.02) 

Figure 2.2.10 Segment of moving wire in the 0-z plane 

The wire is continuously moving towards the fixed point with velocity V. 
Resolving tension forces and accelerations in the 0 direction. 

-T a, ý +T aý = µ. nz a 2ý + cos e, a zý, + 2. V, a, ýaZ Vi AZ L5t2 atý z at 

where 0= arctan(O'(L, t)/L1) and Ll = (L2 -R 2)0.5 

Ta20 AZ = unz a2 0+ COS() 2. V. a, ý) 
azý at atý z at 

T a2, ý -i2 ý= cos O. a2 0' + 2. V. s, ý1 ý 
µ dzý at2 at2 Z 8t 

, 

--- I ^. __. 

(1) 
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This fundamental partial differential equation is solved in appendix 2.2.3 by a 
technique which first normalises the coodinates and then uses Duhamels integral 

method to give a general solution requiring integration. The integration of the 
forcing function, which is the right hand side of equation (1) and represents the 

motion imparted by the wand mechanism, is extremely complex and a numerical 
method is employed. This, unfortunately, prevents the formulation of an explicit 
analytic solution for the wire behaviour (ie. b (z, t)) which is the intention of this 

method for solving partial differential equations (ref. Timoshenko et al, reference 
(1) ). 

The wire form at each desired point in time now requires numerical integration of 
the forcing function which can be time consuming (for the computer). However, 

this is of little practical consequence and enables relatively complex wand 
motions to be analysed. 

Typical wire behaviour (0) at various times in the wand cycle are shown in figure 
2.2.11 for a single, triple, and quintic harmonic wand motion of amplitude 220 

mm, wire tension of 5N (which is the minimum used on a rotary braider), and at 
15Hz frequency of oscillation which is equivalent to 150 rpm machine speed. 
Figure 2.2.12 shows the typical conical base shapes, formed by the superposition 
of all the outer wire paths, for single, triple, and quintic harmonic wand motions. 
These clearly show the benefits gained in the increased volume available to the 
inner bobbins and carriers when higher harmonic wand motions are employed. 

The collaborating company set a limit, based on past experience, of = 10mm 
maximum wire deflection at any point. 

The figures show that in theory the triple harmonic wand motion is just on this 
limit. The quintic harmonic is shown to be unsuitable at the speed (15Hz) 
envisaged, but the ideal motion is that of the single harmonic. 
The peak deflections (with all motions) occur at or near the point of peak wand 
amplitude. The deflection in the 0-z plane when in the mid-point of wand 
amplitude is greatly reduced from the maximum shown. Indeed the deflections in 
the .0-z plane are greater at this point, where the wire enters the inner carrier 
track slot. The plots of wire behaviour also reveal that the wire is always bowing 
outwards away from the wands central position. This, in theory, increases the 
conical region volume. 
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Figure 2.2.11 Wire deflection in the i-z plane for different wand motions 
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All these deflection plots are for motions with identical wand tip amplitudes, yet 
the single harmonic could be run using a higher amplitude before the deflection 

specified is exceeded. This may well be advantageous for inner bobbin/carrier 

orientation and position, even though a larger wand swing results. 
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2.2.2 Theory for Wire Behaviour in the <6 -z Plane 

of wire motion 
effective range 

Z 

wire centre 
line 

segment of wire 
(view from arrow B In figure 2.1.02) 

Figure 2.2.20 Segment of moving wire in the -z plane 

The wire is continuously moving toward the fixed point with velocity V. 
Resolving tension forces and accelerations in the 0 direction. 

-T(8-0) +T aý = N. oz + cos«. 
dzdzz +pz a tý d tý 

where a= arctan(q'(L, t)/Ll) and Ll = (L2 -R 2)03 

The coriolis term present in the theory for the 0-z plane is now negligible due to 
the limited range of motion and low angular velocity the wire experiences in this 
plane. 
Thus; 

Ta2 4Soz=ýnz12ý +cosass 
56 t' 6t2 

Therefore: 
T a2ý a2 ý= cosa. a2ý' 
Ij azý 6 te atz 

(13) 
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This fundamental equation for the behaviour of the wire in the .0-z plane is 

solved in an identical manner to equation (1) in section 2.2.1 (the wire behaviour 
in the 0-z plane). The solution to equation (13) is outlined in appendix 2.2.4. 

The wire form (q) relative to the straight wire ideal, is almost identical to that 
found for the 0-z plane but with reduced amplitude. A triple harmonic wand 

motion results in a maximum deflection in the 0-z plane of 4.5 mm at the 

positions of maximum wand amplitude. Of more importance is the amplitude of 
deflection at the mid-point of wand travel, where the wire enters the inner carrier 
track slot, of 2.5 mm as this influences the design of the track slot and so effects 
inner carrier bearing performance. 

2.2.3 Conclusions 

The wires behaviour is governed primarily by its own inertia when submitted to 
rapid oscillation. The effects of aerodynamic drag and wire stiffness are 
negligible at the speeds envisaged. The theory also reveals that the "bowing" 
deflection of the wire, in the 0-z plane (plane of major wand amplitude), actually 
increases the volume available to the inner carriers, over a system with no 
deflection. This is only true, however, if the tension is maintained above the SN 
minimum or if the modal shape does not depart from its fundamental. 

The deflection in the .0-z plane, whilst generally smaller than those in the 0-z 
plane, do influence the design of the track slot into which the wire must be 
guided and, for this reason, cannot be ignored. 

The theory clearly suggests that the lower the harmonic content of the wand tip 
motion, the lower the deflections will be for the same wand tip amplitude. 

However, increasing the harmonics of the motion in certain ways, by using triple 
and quintic harmonic motions, increases the space available to each inner bobbin 
carrier (refer to chapter 5- Bobbin optimisation) and are included for this reason. 

The alternative, which is a superior solution in theory (up to a point), is to 
increase the wand amplitude and use a single harmonic motion. 
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The theory also shows the critical effect the tension has on the wire behaviour. 
For this reason a constant tension throughout the wand motion is vital for 

acceptable wire deflection control. 

The whole theory relates only to one wire strand, where as often multi-wire 
strands are used. However, the ratio of cross sectional area to individual wire 
tension does not vary greatly (ie. minimum tensile stress in the wires are 
approximately constant whether there is one 0.3mm diameter wire or seven 
0.1mm diameter wires). 

Often in practice one or more wires in a strand are wound loose on the bobbin 
and this results in zero tension wires which theoretically have a large deflection. 
However these "loose" wires are constrained by the length of the other tight wires 
and cannot realise their theoretical zero tension shapes. The magnitude of 
deflection of any loose wires is thus approximately the same as a "canteenary" test 
would show. In addition, these loose wires adopt an outer position on the product 
core and are therefore consumed at a greater rate until the canteenary is 
removed. 

The aim of the theory was ideally to develop an analytic technique for simulating 
wire behaviour. The use of numerical integration routines, whilst moving away 
from the ideal sought, represents a relatively flexible and accurate method of 
analysis. 

It also begs the question of numerically solving the fundamental second order 
partial differential equations associated with deflections in the two orthogonal 
planes. Subsequent testing of one of these techniques (the explicit finite 
difference method) shows good correlation with the results presented here, 
provided time intervals, etc, are judiciously selected to avoid instability. 

These techniques also highlight the fact that because of the nature of the model 
and solution used here the response is always periodic, with a period equal to one 
wand cycle. This is clearly not the case in practice where an underlying periodic 
trend (with a period greater than one wand cycle) often manifests itself on the 
essentially wand speed related periodic wire behaviour. The numerical techniques 
often display similar tendencies which are almost certainly due to the inherent 
inaccuracy of these principals. However, this phenomena suggests a deficiency in 
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the original model which has possibly been over simplified to enable an 
analytically based solution. It is recommended that any further work in this area is 
based on a numerical solution of the fundamental differential equations. 
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23 Experimental Study of Wire Behaviour 

Two different test rigs were built at different stages of the project. Both were 
attempts to show the actual wire behaviour on full sized wand mechanisms. Three 
basic behavioural characteristics of the vibrating wire were required: 

a) The absolute maximum wire deflection in each plane (ie. both the v -z 
and o-z planes). 

b) The modal shapes of the vibrating wire were required. Ideally a 
sequential display of the shape was required (ie. video) but this was not vital. 

c) The wire tension was required, immediately after the braid point (or its 

equivalent), or at the wand tip. 

2.3.1 Test Rig One 

Test rig number one was built early in the project and was an attempt to correlate 
the theory with a mechanism similar to that used on a current rotary braider 
(Rockwell RB2). The rig consists of a bobbin, from which wire is drawn, a wire 
tension control system, a crank driven wand mechanism and a slow turning "wind 
on" spindle which represents the product core, as shown in figure 2.3.10. The wire 
tension is measured immediately prior to the wind on spindle using a slipper and 
load cell arrangement. The tension control system consists of a spring loaded 
arm attached to a spindle. A band brake acting on the bobbin brake drum is 
wrapped around the spindle. The wire is passed around the roller on the tip of 
the arm so that an increase in tension deflects the arm which turns the spindle, 
releasing the brake and allowing wire to be drawn off the bobbin. The wand 
mechanism is a 4-bar crank-rocker with a relatively long coupler to provide 
approximately sinusoidal wand tip motion. The orientation of the mechanism is 
based loosely on that used on the Rockwell RB2 rotary braider. This results in 
the wire length from wand tip to braiding point (tension measuring pulley) 
changing by 38mm every half wand cycle. This rapid change in wire length cannot 
be catered for effectively by the tension control mechanism and results in a region 
of low tension as the wand moves towards its central position, and a region of high 
tension when moving away from the central position. 

33 



. - 
cri 
N 
CD 
L 
t7i 

ýLI 

34 



Experimental Results - Test Rig One 

The absolute wire deflection was measured using an adjustable "slot". The size of 
the slot was decreased until the moving wire touched it, which was determined 

using electrical contacts on the slot and wire. At the envisaged maximum speed 
of 15Hz, (900rpm) which represents 150rpm of the machine, the critical slot width 
was found to be 8- 10mm and the maximum wire overshoot in the direction of 
motion was 10 -15mm. 

The shapes of the wire at outswing and inswing were photographed using a high 

speed camera and were viewed "manually" using a strobe. The shape of the wire at 

wand outswing, and therefore high tension, is shown in figure 2.3.11. 

a 

OF 

Figure 2.3.11 Wire behaviour at high tension 

The shape at wand inswing (low or zero tension) is shown in fig 2.3.12. These 
clearly demonstrate the wave form which the wire adopts under very low tension 
and that there is practically no deflection at a higher wire tension. 

The corresponding wire tension history plot is shown in figure 2.3.13 and clearly 
shows the two broad regions of different tension for wand outswing and inswing. 
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Figure 2.3.12 Wire behaviour at low tension 

wand cycles 1 

Figure 2.3.13 Wire tension history plot for test rig one, at 15 Hz. 

Conclusions From Test Rig One 

The major conclusions to be drawn from experiments on this rig is that to 

maintain a tension tolerance, the wire length from wand tip to braid point should 

not change throughout the wand cycle. 

36 



Expecting the tensioning mechanism to cope with a change in wire length of 
38mm at a frequency of 30Hz is unreasonable (especially bearing in mind that 5N 
tension is the minimum, and the device must allow up to 50N tension). 

The wire shapes photographed indicated that the theory may be in the right ball 

park but without a more constant tension, reasonable correlation is not possible. 

In theory there should have been no deflection in the plane perpendicular to 

wand tip amplitude ("minor" plane) since the wand and wire move in one plane. 
This indicates that the measured minimum tension is incorrect and that the actual 
wire tension between wand tip and braid point is zero for a period, which initiates 
deflections in the "minor" plane. 

The relatively large deflections measured in both planes probably occur at very 
low tension and are therefore not representative of those expected on a constant 
tension system. 

23.2 Test Rig Two 

Test rig number two was built later in the project and used a layout and motion 
which were better suited to correlation with the theory. The test rig, as shown in 
figure 2.3.20, consists of a bobbin from which wire is drawn, a tension control 
device, a cam driven wand mechanism, and, as with test rig one, a tension 
measuring device (representing the braiding point) and "wind on" spindle. 

The tension control system is now merely a pulley on the end of a spring steel 
strip. The bobbin brake is a constant force band brake. 

The wand is a rocker arm which pivots about an axis which passes through the 
braiding point. The wire length from wand tip to braiding point now remains 
constant throughout the wand movement. The wand features two track rollers 
which follow a trough cam cut into the face of a disc. The motion of the wand is a 
triple harmonic. The wand is constructed from carbon fibre to reduce its inertia 
and, therefore, increase the life of the follower rollers. 
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Experimental Results - Test Rig Two 

The absolute wire deflection was measured using an adjustable slot as on test rig 
one. At 15Hz wand frequency (150rpm of the machine) the critical width of the 

slot was 5mm and the maximum wire overshoot in the major amplitude axis was 
10 -12mm. 

The shape of the wire was viewed with a strobe and a video camera used to obtain 
sequential frames. The high speed video could not detect all of the wire, so 
sections only were viewed to obtain maximum deflections. 

The corresponding tension plot at 15Hz (fig 2.3.21) shows the greater uniformity 
compared to that for test rig one. 

tension 
(N) 

IIII 
01234 

wand cycles 

Figure 2.3.21 Wire tension historyfor test rig two, at 15 Hz 

The video recording revealed the wire motion to be different to the essentially 
sinusoidal wand motion used on test rig one. The triple harmonic motion 
employed on test rig two results in a period of low acceleration at full wand 
amplitude. At this point the wire vibrates, adopting its fundamental mode shape, 
but does not complete a full cycle of vibration before the wand accelerates away. 

When using a multi wire strand the spread of the (seven) wires can be seen to be a 
maximum of 7mm. 
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Conclusions from Test Rig Two 

The wire behaviour, when at a reasonably constant tension, correlates well with 
the theory and the deflection in the major amplitude plane measured on test rig 
two show this. 

The deflections of 5mm recorded perpendicular to this were greater than the 
2.5mm expected at the wand amplitude mid position, but are still within 
reasonable experimental error. The results using a multi wire strand show that 
any loose (catenary) wires are supported to a large degree by the remaining 
strands in tension. The 7mm maximum spread of wires verifies this as a typical 
catenary test over this span yields around 10mm. 

2.4 Correlation of Theory and Experimental Results 

The theory for the behaviour of an oscillating wire correlates exceptionally well 
with experimental results. 

Both the shape of the wire and the corresponding maximum deflection in the 
plane of major wand tip amplitude support this. 

The theoretical deflection of the wire perpendicular to this plane is not so 
accurate and this suggests a deficiency in the theory particularly regarding the 
separation of the wire behaviour into two planes, and the possible over 
simplification of the original model in search of an analytical solution. 

However, with these accounted for the theory as a whole can be used to predict 
the behaviour of a wire for most wand motions envisaged. 
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2.5 Conclusions from Analysis of the Moving Outer Wire 

The major conclusions which influence the choice of wand and wand motion are: 

1) To retain low wire deflections the tension level in the wire must be 

maintained above a certain level. 

2) To achieve constant tension the length of wire from wand tip to braid point 
and from bobbin to wand tip should remain constant throughout the wand motion 
cycle. 

3) For a given wand tip amplitude the lower harmonic content in the wand 
motion the lower will be the wire deflection. 

4) The triple harmonic wand motion recorded peak wire deflections within the 
specifications required by the collaborating company. 

5) In terms of lower wire deflections the ideal is the single harmonic motion. 

6) A useful reduction in deflections when using multi wire strands could be 

achieved by improving the bobbin winding quality which in most circumstances is 

very poor. 
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CHAPTER THREE 

KINEMATIC STUDY OF WAND MECHANISMS 

3.1 Introduction 

The wire deflector, or wand mechanisms are required to deflect each wire from 

an outer bobbin in and out of every other inner bobbin and its carrier. The wire is 

passed inside an inner bobbin by being guided into a slot in the track which 
supports the inner bobbin carriers. The inner carriers can then be driven over the 

slot and the wire then guided out to form the weave at the machine centre. Under 
ideal circumstances the slot in the inner bobbin carrier track should be as narrow 
as possible to avoid large changes in loading on the inner carrier bearings as they 

cross the slot. For this reason it is important that the outer wire span from wand 
tip to braiding point remains as straight as possible. Any deflection from the ideal 

straight line path requires a wider slot and results in either less space available to 
each inner bobbin and carrier, or a risk of wire snagging. 

The theoretical and experimental analysis of the oscillating wire span reveals the 
major criteria for optimum wire control and minimum deflection: 

i) The major requirement is for a constant wire length, from outer bobbin 
to braid point, throughout the cycle of wand motion since even a small 
change in length produces a change in tension which has a drastic effect on 
wire deflection. 

ü) A range of motions and the corresponding wire deflections indicate the 
type of motion possible for a prescribed maximum deflection. 

3.2 Mechanisms Which Allow Constant Wire Length Between Bobbin and Braid 
Point 

There are two broard types of mechanism for providing a constant wire length 
from bobbin to braid point: 
a) Any wand mechanism is used and a constant wire length is achieved by using a 
compensatory device which is synchronous with, and probably driven by, the wand 
drive system as shown in figure 3.2.01. 
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Figure 3.2.01 Wand with cam driven compensator 

This type of device is not ideal, for although the overall wire length is constant, 
the length of wire span from wand tip to braid point is not (or the device would be 

unnecessary). Each pulley the wire passes around, however small the wrap may 
be, incurs a slight tension imbalance and this inevitably leads to a change in 

tension of the wire between wand tip and braid point. 

b) A wand mechanism in which the wand tip locus is located at all times on a 
sphere whose centre is the braid point as shown in figure 3.2.02. The locus need 
not be merely arced or set in a plane, but the inner carrier track slot shape and the 
volume available to the inner bobbin will reflect any form the locus has. 

This method of retaining a constant wire length assumes that there is a path from 
wand tip to ground of constant length through the linkages, and that it is feasible 
to accommodate the wire along such a route. 
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Figure 3.2.02 Possible wand tip loci for constant wire length 

Of the two methods described in a) and b) above, method b) is the more 
attractive and potentially more elegant, less complicated and less costly. For these 
reasons this method is investigated first. 

32.1 Wand Mechanisms which allow Constant Wire Length from Wand Tip to 
Braid Point 

Of the many wand tip loci available, all of which lie on the surface of a sphere 
whose centre is the braid point, there are basically two which are readily produced 
by mechanisms featuring linkages. Both these are single line loci where the 
'forward' and 'return' portions of the motion cycle are coincident, and both are 
simple arced lines. 
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a) Wand Tip Locus Type (A) 
This locus is an arc with its centre at the braiding point and which lies in the plane 
containing the machine central axis (product axis) as shown in figure 3.2.10. 

planar 
arc "A" 

Figure 3.2.10 Wand tip locus arc A' 

This locus type has the advantage that the wand tip motion is always 
perpendicular to the relative motions of inner bobbins and outer bobbins/wands. 
The wand tip motion now has the opportunity to create a symmetrical shape for 
the inner bobbin/carrier whilst using a "symmetrical" wand motion. This is 

advantageous to both wand and inner bobbin carrier design and to the overall 
machine optimisation. 

This motion symmetry is very difficult, or impossible in many cases, if the wand 
tip locus does not lie in the same plane as the product/machine central axis. 
Additionally, the mechanism which produces such a motion is likely to also lie in 
the same plane as the locus and this is better able to support the loads imposed by 
a high wire tension. 
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b) Wand Tip Locus a (B) 

This is the arc of the circle obtained by slicing the appropriate sphere with a 

plane. The arc is therefore part of the perimeter of the base of a cone whose apex 

coincides with the braiding point as shown in figure 32.11. 

Figure 3.2.11 Wand tip locus arc 'B' 

This type of wand tip path is potentially much easier to produce than arc (A) but 

the motion is not always perpendicular to the relative motions of inner and outer 
bobbins. The shape produced by the moving outer wires (into which the inner 
bobbins/carriers must fit) is, therefore, not symmetrical when the wand motion is, 

and vice-versa. The inner carrier track slot must now also be arced, or wider than 

necessary. 
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3.2.2 Considerations when Examining Wand Mechanisms 

Two major considerations are reliability and cost, both of which are a result of the 

nature of braiding process and the current market climate. General reliability of 

wand systems has not in the past been good. Failures are usually related to fatigue 

of either the wand, or its drive, or the various bearings in the system. These 

failures can be attributed to various shortcomings. An "over engineered" wand, 

whilst structurally reliable, increases load on the drive system and bearings, 

leading to failure. An inappropriate or badly chosen wand motion also increases 

wand/drive/bearing loads, often by a large amount (as can wear or back lash). A 

wand material which does not have a fatigue limit stress will eventually fail, even 
though the bearing and linkage loads are may be reduced by use of a lighter 

material. 

Most of the above factors affecting failure are exacerbated by increasing the 

number of links in the wand mechanism. This also increases the cost of each wand 

system. Other points which must be considered are the frame forces and moments 
transmitted by each system and whether balancing is appropriate, and the 
difficulty and cost of driving each wand mechanism. It must also be remembered 
that any wand system must lie radially outside the sphere on which the wand tip 

path lies. Thus, large linkage mechanisms will increase the overall size of the 
braider which is undesirable for aesthetic reasons. 

Since arc (A) is theoretically more desirable, initially a mechanism to produce this 

arc is sought. 

32.3 Mechanisms to Produce Arc (A) 

4-Bar Wand Mechanisms 

A range of Grashoff-1 4-bar wand mechanisms are examined in an attempt to 
obtain arc (A). An analogue computer is used to model a large range of possible 
4-bars in order to find approximate configurations of suitable mechanisms. The 

analogue representation enables link lengths to be changed quickly and an 
immediate moving display of the mechanism and coupler curve can be seen. 

The more suitable mechanisms are analysed in more detail on a digital computer 
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to optimise the coupler curve, thereby ensuring: 

i) The coupler curve consists of a line (i. e. the coupler curve has no envelope). 

ii) The coupler curve radius of curvature remains as constant as possible 
(±2% is considered desirable) throughout the complete mechanism cycle. 

The analysis of a large number of 4-bar configurations shows that, to retain a 
constant radius of curvature of the coupler curve (i. e. under _±. 

2%), the ratio of 
coupler curve arc length to radius of curvature is too large. The best mechanism 
found is shown in fig. 3.2.30. 

Figure 3.2.30 Grashoff-1 four bar wand mechanism 

This mechanism has a large coupler plane and the centre of curvature is on the 
opposite "side" of the mechanism to that required (i. e. the mechanism is inside the 
wand tip path "sphere"). Indeed most suitable Grashoff-1 4-bars feature a large 
coupler plane which would lead to difficulties in balancing which, in turn, restricts 
maximum speed. 
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For these reasons a wand mechanism consisting of a Grashoff-1 four-bar (i. e. 
crank driven rocker) which produces a coupler curve of type "arc (A)" is 

unsuitable as a final wand design. 

Crank-slider Wand Mechanisms to produce Arc (A) 

A different type of "four-bar" mechanism capable of producing arc (A) is the 
crank and slider, or slipper, arrangement. The slipper represents the wand tip (i. e. 
the wire passes through an eye in the slipper) and runs in a curved track which 
traces an arc about the braiding point so replacing the rocker of the four-bar as 
shown in figure 3.2.31. 

coupler 

Figure 3.2.31 Slider crank wand mechanism 

The major drawbacks with this system are that to achieve simplicity the crank 
must provide the full range of "wand tip" motion. An amplifying effect can be 
achieved by introducing an additional dyad, making the mechanism a six bar. 
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The high speeds necessary at the slipper/track introduce bearing longevity 
problems and a direct crank drive is not desirable as it demands a large crank at 
the periphery of the machine. But, although feasible, for these reasons the 
slider-crank system is not ideal as a wand mechanism. 

Six-Bar Wand Mechanisms to Produce Arc (A 

All the six-bar mechanisms studied are Watt type six-bars (this is the type of 
six-bar used by Rockwell on the RB2). 

Two approaches are used to obtain the desired arced path of the coupler curve, 
arc (A). 

i) Using a portion of a Grashoff-2 four bar couple curve which gives the desired 

path, and subsequently driving this four bar in that region with a crank and 
coupler (diad), or a cam, so producing a six-bar mechanism. Thus the rocker 
output from the first Grashoff-1 four bar is used as the input of the second 
Grashoff-2 four bar. This is represented in figure 3.2.32. 

centre of curvature 
of point B 

centre of curvature 
of point A 

Figure 3.2.32 Grashoff-2 four bar wand mechanism 

A range of Grashoff-2 four bar coupler curves which have a portion of 
approximately constant radius of curvature are, again, initially found using an 
analogue computer model of a four bar mechanism. 
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The appropriate four bars were examined in more detail on a digital computer 
program model for Grashoff-2 four bars. The radius, and centres, of curvature of 
the coupler curve points were found and minor adjustments to link lengths made 
to optimise the range over which the centre of curvature remains, to a degree, 

stationary. 

The procedure shows that of the coupler curves examined, the centre of curvature 
will not remain in precisely the same position for the length of arc required, 
unless the four bar is of such a large proportion as to render it impractical. 
The radius of curvature at points along the coupler curve tend to infinity as a 
crunode or cusp is approached. Since the basic criteria for an arc (A) of , 

f, 2% 
error in radius is not satisfied, unless a massive mechanism is used, this system is 

not suitable as a wand mechanism. 

ii) The second type of six-bar mechanism examined in an attempt to produce an 
arced coupler curve (Arc (A)) is a modified focal mechanism. A focal mechanism 
is a four bar with four additional links that can be separately pivoted to each of 
the sides of the four bar and which join at a common pivot point, usually within 
the four bar mechanism, and allow the mechanisms to move freely. Thus if a 
Grashoff-1, crank-rocker, four bar is chosen in which the rocker represents the 
wire, from the braiding point to wand tip, then upon addition of a focal 

mechanism the rocker may be removed to leave a Watt type six-bar as 
represented in figure 3.2.33. The coupler point, or wand tip, is the end of the 
original four-bar coupler which was attached to the rocker. The mechanism may 
be driven by the original crank or by one of the focal links, and traces an exact arc 
about the original rocker pivot point. This mechanism appears to be an ideal 
solution, but at a certain position the links become folded and so joint pressure 
angles become 90°. Thus, without the addition of further links to define the 
mechanism in the folded position, or an additional driving crank/coupler or cam 
system to utilise part of the range of motion, the mechanism becomes unsuitable 
for practical reasons. 
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Figure 3.2.33 Focal wand mechanism 

3.2.4 Mechanisms to Produce Arc (B) 

A wand mechanism which provides a coupler curve as arc (B) is simply an 
oscillating rocker that pivots about an axis which passes through the braiding 

point as shown in figure 32.40. 

view from A axis of wand oscillation 
passes through braid point 

Figure 3.2.40 Rocker mechanism to produce arc B 
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The wand may represent the rocker of a Grashoff-1 four bar and provide a means 
of amplifying the displacement available from the crank. The wand drive may 
alternatively be a cam system of some description acting through a coupling link 

or directly onto the wand (i. e. the cam follower is part of the wand). 

The position of the wand pivot point relative to the track may be varied to allow 
different portions of the arced wire path to be utilised in the inner carrier track 
slot. This allows a slanted slot to be used as shown in figure 3.2.41, which may. 
increase inner carrier/track bearing performance. 

Inner carrier 
track, region 

curved slot for 
outer wire path 

enlarged view of tracK slot 

leading edge 
of bearing . 
spans track 
slot 

Figure 3.2.41 Wand arrangement allowing a slanted track slot 

This wand mechanism for producing arc (B) is so elementary and simple that 
further devices to achieve this were not sought. 

32.5 Wand Mechanism Selection 

The most desirable wand tip path is arc (A). However, the search for a suitable 
mechanism to achieve this concludes that a slider-crank device with marginal 
performance prospects and relative complexity is the best choice. 

In contrast, the simple rocker necessary to produce arc (B) shows great promise in 
both its crank/coupler and cam driven forms. The advantages of this system, 
(simple, inexpensive, compact, versatile and reliable) out weigh the 
disadvantages, inherent in a system using arc (B) as its wand tip locus. 
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For these reasons the rocker arm which produces arc (B) as its wand tip locus is 

chosen as the design for a wand. 

The final form of the basic wand mechanism, the motion imparted to it, and the 
means by which this is achieved is formulated in conjunction with all the other 
major machine elements on the rotary braider. 

54 



3.3 Wand Motion Generation 

The wand motion may be generated by any drive system (including servo motors, 
hydraulics, pneumatics etc. ), but there are three realistic types of drive which are 
considered. 
i) Crank driven wand mechanism. 
ii) Cam driven wand. 
iii) Hybrid crank/cam driven wand. 

The wand mechanism chosen is the simple rocker arm which may readily be 
driven by any one of the above methods. It is important to remember that, on a 24 

carrier. braider, there are 12 outer bobbins and wand mechanisms revolving 
relative to ground and that the drive to each wand should not compromise the 
inner bobbins/carriers operation. 

3.3.1 Crank Driven Wand Mechanisms 

Each wand rocker is driven by a separate crank-coupler arrangement, and each 
crank drive is (probably) taken from a common gear at the machine centre, as 
represented in figure 3.3.10. 

machine 

J 
axis 

outer wire 

wand pivot axis 

driveshaft to each wand 

central bevel 
drive gear 

Figure 3.3.10 Crank driven wand 
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A drive of this type produces essentially single harmonic type motion (although it 

never produces true single harmonic motion). The motion may be modified 
slightly by changing the geometry of the linkages, but link angles are 
compromised as the motion becomes less "symmetrical" and higher harmonic 

content increases. A single harmonic motion is most desirable for minimum wire 
deflection. The shape/volume, produced by the outer wires, available to the inner 
bobbins is equal to that for a triple harmonic motion, if the wand amplitude is 

increased. Providing the inner carrier drive can accommodate such a seemingly 
unnecessary outer wire "overshoot" without restricting performance, this 
increased amplitude is not a problem (Ref. figure 2.2.12, chapter 2, base shapes 
for various motions). Although the system is relatively complex and costly 
compared to certain cam systems it is potentially the most reliable wand drive 

type. It has no major disadvantages, other than appearing anaesthetic, in 

comparison with other braider wand systems on the market. 

3.3.2 Cam Driven Wand Mechanism 

A cam driven wand offers an infinite range of motions and allows the wand to be 

controlled (kinematically) in a precise manner. It is also the most direct method 
of driving the wand since the cam follower may be part of, or attached directly to 
the wand itself. The major drawback when using a cam is the follower longevity, 

which requires copious amounts of oil (very undesirable) or must be a rolling 
bearing of some description. 

There are basically two alternative types of cam arrangement possible. 

a) Each wand has its own cam as shown in figure 3.3.20. This system is costly and 
almost as complex as a crank/rocker wand system. The major advantage with this 
system is that the cam, follower, and wand pivot axes can all be parallel which 
allows the use of a simple plate cam or a conjugate trough cam. However, in order 
to reduce the pressure angle, between follower and cam, the cam must be 

relatively large, which is not aesthetic and increases follower speed, unless the 
follower is positioned close to the wand pivot, which increases wand stress and 
follower load. 
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cam drive from 
machine centre 

section through cam conjugate trough cam 

Figure 3.3.20 Wand drive using separate cams 

b) All the wands are driven by a single stationary cam which forms a wall around 
the periphery. of the machine as shown in figure 3.3.21. A stationary cam of this 
type would have (for a 24 carrier machine) six profiles machined into it. The 

major advantages of this system are the reduced cost over individual cam systems, 
and the reduced pressure angles due to the relatively long distance available to 

each cam profile although this also increases follower speed. 

wire 

section 
through cam 
track moving wand base 

Figure 3.3.21 Wands driven by a single wall cam 
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Since a plain bearing follower is undesirable a roller follower must be employed 
which introduces several drawbacks. To avoid excessive skidding the follower axis 
should also pass through the machine centre line (although not necessarily the 
braiding point). This, in turn requires the cam track to be "banked" at each 
extreme of travel if normal, slightly barrelled, roller followers are used. Figure 
3.3.22 shows the effect of not having the wand pivot and follower axes parallel. 
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Figure 3.3.22 Wand roller geometry leading to banked wall cam track 

A "banked" cam is prohibitively expensive to manufacture and the remedy is to 
barrel the cam surface also. Using a conjugate cam system (and two followers per 
wand) is more expensive still, so a spring return is employed. 
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The combination of barrelled cam and follower increases the effective load on 
the follower bearing which is further increased by the spring preload on the wand. 
However, this follower system still out performs a plain follower with the limited 

amount of lubrication available. 
The various cam system parameters are shown in Figures 3.3.23 and 3.324 for a 
typical light alloy wand system using single and triple harmonic motion laws for 

the wand. 
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Figure 3.3.23 Single harmonic motion cam driven wand characteristics 
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Figure 3.3.24 Triple harmonic motion cam driven wand characteristics 

The effect of increasing the harmonic content of the motion on the pressure angle 
and roller contact force can be clearly seen. 
It is obviously preferable to employ a wand motion which has the lowest contact 
force and pressure angles as it is this which determines the longevity of the 

system. 
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3.3.3 Hybrid Crank/Cam Driven Wand 

This type of drive is intended to allow the longevity of the crank/coupler driven 

wand system and the versatility of the cam system to be combined. The system, 
shown in figure 3.3.30, consists of a crank driven wand but the input to the crank 
is modified by a drag link arrangement which introduces the higher harmonics 
into the basic single harmonic wand motion. 

rotating output link 
and shaft (varying speed) 

stationary cam 

Figure 3.3.30 Drag link mechanism 

rotating Input link 
and shaft (constant speed) 

This system is the most costly and complex but allows versatility (if required) by 
"locking out" the drag link which results in almost single harmonic motion. 
It is more appropriate to view this as a modified crank%rocker driven wand. 
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3.3.4 Selecting a Wand Motion Generation System 

Initially, the ideal motion of the single harmonic was sought using an amplitude 
which results in a similar wire deflection to a triple harmonic motion of smaller 
amplitude (i. e. using = 10mm deflection). 

This motion is possible using both a cam or a four-bar, crank-rocker system. 
The crank-rocker system is easier to implement and potentially more reliable and 
would be the first choice. 

The cam system featuring a single "ridge" cam around the machine which serves 
all wands is dynamically superior although the use of sealed track rollers is not 
conducive to longevity. 

However, a market requirement, perceived by the collaborating company, is the 
limiting of the wand tip amplitude to 220 mm peak to peak for aesthetic reasons. 

The most appropriate wand motion within these guidelines is now the triple 
harmonic law. This cannot be obtained by using a crank rocker and must be 

achieved by a cam or a hybrid crank/cam device (drag link). Since the latter holds 

no advantage the cam drive is chosen for the wand motion generation system. The 

wand system should ideally allow the speeds dictated by the wire deflection 

predictions/tests (detailed in chapter 2) whilst allowing a longevity typically 
expected from machines in this market (i. e. 25,000 hrs for bearings). 

The cam profile cannot be finalised until various other parameters relating to the 
wand design have been decided. It is important that the maximum pressure angle 
between the cam and follower is no more than 40° , and preferably ýelow 35°. 
Thus, for a given wand length, determined again for aesthetic reasons, such that 
the wands do not "overlap" around the machine, there is a maximum distance at 
which the follower may be located from the wand pivot to comply with the 
pressure angle restraints. This is because, for a given wand amplitude and motion, 
the pressure angle increases as the distance from pivot to follower increases. 
The life of the follower is dependent upon the roller bearing speed and the 
contact stress in the outer race. This stress is dictated firstly by the load which is 
dependent on wand inertia, position of the follower from the wand pivot, the 
pressure angle, and the wand acceleration, and secondly the form of the two 
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surfaces which is dependent on the degree of camber which the cam surface must 
have to prevent the roller follower running on its edge, which in turn increases 

with the distance between wand pivot and follower. The wand must have the 
lowest inertia possible and this requires a stress analysis to be performed. This 

will also reveal whether a wand may be designed to allow the follower to be 

positioned closer to the wand pivot than that previously mentioned (as this could 
possibly increase overall wand system performance). Using a wand length and 
amplitude dictated by the collaborating company/market, the follower should be 

positioned approximately one quarter of the wand length from the wand pivot. 
This dimension is used, initially, in all motion, follower life, and wand stress 
analyses. 
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3.4 Conclusions from the Kinematic Study of Wand Mechanisms 

The criteria for the wand tip locus is to retain a constant wire span from wand tip 
to braiding point. 

Of the many loci available, that described as "Arc A" is theoretically ideal (Fig. 
3.2.10). However, a suitable mechanism to achieve this was not found. 

The next best Locus is that described as "Arc B" (Fig. 3.2.11). This is easily 
obtained using a simple rocker whose pivot axis passes through the braiding point 
(Fig. 3.2.40). 

The wand motion is determined primarily by the wire deflection criteria (Chapter 
2). The ideal motion is a single harmonic motion. However, the perceived market 
requirement is for an aesthetically acceptable wand with a limit on its amplitude. 
The best motion within this frame work is the triple harmonic motion. 

The cam system offers the easiest and dynamically superior wand drive. The 

simplest form being a stationary ridge cam around the periphery of the machine 
which serves all the wands. The cam follower speed favours the use of a roller 
bearing, which requires the cam to be crowned to avoid "corner" running. A spring 
return is employed on cost grounds and the location of the cam follower roller on 
the wand is chosen to allow a maximum pressure angle of 40°. The follower life is 
achieved by reducing the inertia of the wand, if possible. 
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CHAPTER FOUR 

DYNAMIC ANALYSIS OF THE WAND MECHANISM 

4.0 Introduction 

A dynamic analysis of the wand is required to minimise wand inertia yet allow a 

reasonable wand fatigue life. A low inertia is imperative in attaining the specified 
longevity of the wand cam follower roller. To this end a stress analysis is used to 

aid wand design and determine the optimum form of the wand. The various 

materials suitable for a wand are appraised and the choice for the final wand 
design is justified. The aspects of balancing a wand are considered, and finally an 

evaluation of the wands natural frequencies is made to ensure both the wire 

vibration and stresses in the wand are not exacerbated. 

4.1 Stress Analyses of the Wand 

Three theoretical stress analysis techniques are considered. Two are a variation 
on a classical stress analysis theme, and the other is a finite element method 
(PAFEC). All stress analysis assumes a triple harmonic wand motion and a cam 
follower positioned a quarter of the wand length from the wand pivot, as this 

corresponds to the 40° maximum pressure angle. 

4.1.1 a wana f ux 

The wand is represented as a simply supported beam whose cross sectional shape 
can be expressed as a single function from wand tip to follower pivot. The loads 

on the wand are due to angular acceleration of the wand and the wire tension, 
acting in a perpendicular plane to this, at the wand tip., These may also be 

expressed as a single function. From these the stresses in the wand may be 
determined at any point by integrating the function between the wand tip and 
follower pivot, (Fig. 4.1.10). It is assumed that the peak bending moment occurs at 
the follower pivot point. 

65 



wand pivot follower pivot 

element cross 
sectional area - A(x) 

r 

R 

Figure 4.1.10 Stress analysis wand model 

Inertia force of element 
6F(x) = A(x). p. ia. (R-x) 6x 

Bending moment at the follower pivot (x = w) due to 6F 
dM=dF. (w-x) 

ý 

X=W W 

Total BM, M=Z (w-x). BF = 
fp. &A(x). (Rx) dx 

x=0 0 

The stress can now be found simply by substituting this bending moment into: 

axy, = (M. y/I)x=w 

The stress due to wire tension is found in a similar manner for the x-z plane. 

If the wand is cranked to position the wand tip nearer the machine centre, which 
minimises the wire span, the force along the wand due to its inertia also produces 
a torque which is a maximum at the start of the cranked section. 
The torque together with the normal inertia derived bending, produces shear 
stresses across the wand section. 
A complex stress system results from the superposition of all the "component" 
stresses. This is solved in the usual way and principal stresses are found. 
The wand design is optimised to reduce these whilst also reducing the force at the 
follower pivot (i. e. follower load) by reducing the wand inertia. 
This form of stress analysis can only be applied to sections which can easily be 
represented algebraically. 
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