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SUMMARY

A theoretical and experimental investigation of the
structure of tubular braids is carried out. Relationships
are established between braid parameters (i.e. strand
number, strand diaméter, strand pattern of braiding) and
variable braid dimensions (i.e. braid diameter, braid
pitch, tensile and compressive jamming configurations).

The theoretical part consists of the building of a
geometrical model describing the path of strand axes, and a
vector analysis of intersecting strand segments to determine
the geometry of jamming. A helix with a sinusoidally
varying radius to simulate interlacing crimp was used as a
basis for the model. The curved length of the strand was
determined by numerical integration with the aid of a
digital computer. The prediction of jamming positions was
also accomplished by an iterative technigque which calculated
the relative positions and distances of interlacing strands.
The complete analysis, the results of which are displayed in
computer plotted graphs, provides a comprehensive
description of the potential braid structural deformation
between and up to its jamming points.

Tests were performed on "diamond" and "regular"
braided polyester monofilament to verify the theoretical

predictions. Close agreement was found between theory and




experiment.

ix




CHAPTER I
INTRODUCTION

EQQEQ rognd

A modern investigation into the nature of braided
structures has been 1long overdue. Braids have been
overshadowed in textile structural mechanics by the more
commercially important fibrous assemblies such as woven,
non-woven, knitted, and twisted structures. Still the braid
is a fundamental textile formation Qith distinctive
structural properties worthy of scientific attention.

A braid is a linear fibrous assembly composed of two
major sets of interlacing strands both of which lie on the
bias relative to the longitudinal axis of the structure.
It can take on a variety of closely related forms: narrow
fabric, tubular fabric, cord, and thread. This thesis
concentrates on tubular braids, also referred to as "round"
or "circular" braids. It is a fibrous cylindrical shell of
small diameter consisting of clockwise and counter-clockwise
sets of mutually interlacing, spiralling strands. Such an
assembly exhibits a special mode of structural deformation
when axially extended or compressed. When extended the
structure is capable of substantial accommodation of strain

since the initially inclined elements are free to pivot to a




position more parallel to the direction of the stress. As
the tubular braid extends its diameter decreases until the
fabric reaches a point of maximum packing density, called
the tensile or extensive jamming point. Conversely, a braid
forced to contract in length will have its structural
elements re-aligning more perpendicular to the direction of
compressive stress increasing its diameter up to a
compressive jam point. The extensive and compressive
jamming are simple observances of the physical law of
non-penetration of solids.

The braid jamming mechanism can be elucidated by
comparison to the packing process of twisted multi-filament
yarn. In both cases filaments obliquely cross the
cross-sectional plane of the structure such that round
filaments manifest quasi-elliptical cross—sections.
("Quasi-" since a true ellipse would only be generated by
sectioning a straight cylindrical filament; the curvature of
the filament axes in question makes the cross-sections
differ from true elliptical.) The aspect-ratio ﬁf the
"ellipses" 1is a function of the filaments 1local helix
angles, only a fixed number of them can be accomodated in a
ring of a given circumference. In yarn packing when a
certain layer is filled there can be overflow_ of an
individual strand to an outer layer. Due to the interlacing
in tubular braids, the strands are captive members of a

particular cross-sectional ring. The braided structure




though allows an additional degree of freedom, namely, the
diameter of the whole ring can vary. The net effect 1is a
type of mass migration where all the strands move in or out
together.

An extending braid changes its dimensions in
accordance with the well-known "helix-effect" introduced by
Hamburger[1l]. As shown in Figure 1, a triangle formed from
an unwrapped helix can be wused to illustrate the
inter-relationship between the different parameters of the
braid. In this representation the length of the hypotenuse
of a given geometry is regarded as the independent variable,
remaining constant while the other dimensions change.

The jamming mechanism in +tubular braids can be
conceptualized as a combination of the helix-effect and the
obliquity-effect (i.e.. strands obliquely crossing the
cross-sectional plane of the structure manifesting
quasi-elliptical strand cross-sections.) When a braid is
axially compressed, the higher aspect-ratio ellipses require
and are given more room by an increasing circumference.
The compressive jamming geometry in a tubular braid is
defined as the point at which the demand for larger
cross~sectional area made by the obliquity-effect exceeds
the ability of the helix=-e ffect to provide it
Alternately, the extensive jam mechanism can be
characterized as a shrinking circumference chasing ellipses

of decreasing aspect-ratio. The circumference catching the
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ellipses constitutes the extensive jam point. A
mathematical formulation of the jamming phenomena is
presented in the following chapter.

If it were not for such mitigating factors as
interlacing crimp, strand cross-—-section flattening, and
strand bending rigidity, a tubular braid could be trivially
represented by the helix-triangle. Of these factors,
interlacing c¢rimp 1is probably the first and major cause of
the departure of the real from the ideal. It is a
neccessary ingredient for any model of braid jamming. With
this in mind, the braiding strand is postulated as following
the general path of a helix with small, regular fluctuations
in the helical radius to represent interlacing crimp. A
more realistic braid-helix-triangle resembles the schematic
in Figure 2. A novel approach to representing the geometry
of a crimped strand following a helical path is presented in
this thesis.

Frictiorr, a traditional irritant in the building of
mechanical models of textile assemblies, has surprisingly
small bearing on the braids problem, even though at first
glance the large degree of movement present in braid
deformation seems to make it an issue. Closer examination
shows that the pivoting of structural elements occurs at
minimal loads only. Without sizable stress, there are no
substantial normal forces and no significant frictional

effect. The region of high structural extension under
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negligible 1load is shown 1in the stress-strain diagram
(Figure 3) as "A". This thesis focuses primarily on the
deformation of the braid that occurs within this region.

In order to discuss braids it is first neccessary to
become familiar with the rudiments of braid anatomy. The
hierarchy of structural components of a typical braid is:
l)fiber or filament, 2)yarn or thread, 3)strand, and
4)braid. As the order suggests a strand may consist of
several yarns or threads that interlace as a unit. The
resulting braid pattern is one analogous to a basket-weave.
This thesis deals exclusively with the relationship of
single—-element strands to braid structure.

As mentioned, a tubular braid consists of two sets of

helical strands of opposite sense that interlace with each

other. Member strands of the same set travel in concurrent
paths. Intersections only occur with members of the
opposite set. The two sets of intersecting strands form a

lattice of diamond-shaped units. A column of such units is
called a "line", while a row is loosely called a "pick" (See
Figure 2). The fundamental diamond-shaped unit cell
(sometimes called "diamond trellis" or "plait") has been
traditionally wused as the unit for structural analysis of
the braid [3]. For the dimensional analysis of diamond
braid only one quadrant of the diamond trellis need be
considered, the other being repetitive. Cell dimensions,

Hc, Wc, and lo, used in this thesis (see Figure 7) reflect
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this consideration. The pitch of a circular braid is the
axial distance along the braid structure required for one
strand to make a complete spiral. Pitch in conjunction with
the invariant number-of-strands-per-helical-set gives the
fabric density in number of stitches or picks per inch.

As in woven structures, there are several patterns of
interlacing commonly used. The equivalent form of 1/1 plain
weave is called 1/1 or "diamond" braid. A 2/2 braid which
is called a "regular" braid is the analog of a 2/2 woven
twill. Several yarns braiding together as one, or
"basket-weave" variations of each of these basic patterns
are common. Commercially, "basket" variants of regular
braids predominate. Scientifically speaking, the regular
braid poses a more difficult geometric analysis.
Accordingly investigation into 1/1 diamond geometry is
commonly used as a spring-board into the braid problem. Of
the few articles on braid geometry in the 1literature, none
have advanced to the point of considering regular braid
structure. This paper begins with 1/1 geometry and extends

it to the case of 2/2.

Literature Reviey

There is scarce mention of either braid geometry or
mechanics in past literature. Hamburger [1] (1942)
introduces the topic with a practical, primarily empirical

lock at the strength of shroud lines for parachutes. Next




9 BRI T e
— ———ri

:

10

Brunnschweiler (1954), the principal contributor in the
braid area, presents a comprehensive treatment of braid
technology history [2] and an analysis of planar, diamond
braid geometry [3]. Popper [4] (1970) in an unpublished
lecture reviews Brunnschweiler’s pioneering efforts and
draws on classical vyarn mechanics to arrive at a
mathematical expression for post-jamming (extensive) braid
modulus.

A common use of tubular braids, which is of interest
to Hamburger [1l] in the context of parachute cord, is as a
cover in a sheath/core type composite structure. Such a
composite generally consists of a more or less straight
bundle of yarns or fiberé housed in a hollow tubular braid.
Usually the <core 1is the load carrying component while the
braid serves to bind it together and provide surface
protection. Through proper structural design and/or choice
of constituent fibers it is possible to have the cover also
contribute tensile support. Hamburger points out that the
key to a mechanically efficient composite braid structure
lies in rupture elongation balance of core and sheath. The
rupture elongations of the two components should correspond
since it is usually at the moment of imminent rupture that
each supports its maximum load. The present study of
between—-jam structural deformation of the tubular braid
should assist in the future engineering and design of the

sheath component. It will provide information concerning
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maximum and minimum allowable core diameter as well as the
jammed helix angle resulting from a core of any diameter.

Hamburger also discusses the trends relating the
details of braid construction to tensile response. He notes
that an increase in either cover vyarn size or number of
picks per inch will cause an increase in the helix angle at
tensile jam and a decrease in the braid”s ultimate breaking
strength.

Brunnschweiler [3] delves into the more theoretical
aspects of braids analyzing their structural properties
using the approach developed by Peirce [5]. Assuming an
idealized geometry for braid and constituent yarns,
Brunnschweiler focuses on the diamond trellis as the basic
structural unit. He assumes that his yarns are flexible,
inextensible, of constant circular cross-section, and
non-flattening. The yarns of his model follow elliptical
arcs, the lengths of which are determined using an
elliptical integral, and straight lines, calculated using
trigonometric identities (see Figure 4). His nomenclature

is the following

ny = number of yarns in a strand ("basket")

1 = curved length of one leg of diamond element
ls = straight inclined segment of 1

1t = curved elliptical segment of 1

lu = straight horizontal segment of 1
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d = yarn diameter (taken as unity to make variables

dimensionless)

(*) = angle between yarns

p = perpendicular distance between parallel strands
X = height of diamond trellis

subscript j = jammed dimensions

pt, (¢), (6), g, and z are defined in Figure 4

The diamond, flat-cell model gives the geometric relation for

one element of strand as:
1 = function(a, x, ny, d) (Iz1)
The partitioning of 1 (see Figure 4) is as follows:
1= 1o 4l + X _ (iT:.2")

Where,

1, = /{(pt2 -3) (sin%¢ + sec?6cos?¢)} (T.3)

b = tan'lpt - cos™l(2/V(1 + pzt))

o sl -

P ™ xsin(a/2) - (ny-1)

6 = 90° - «

3
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Where,
1, = 2sec(0)E(8, ¢) (1.4)
E(8, ¢) = /2/(1 - sin%6bin?g)dg
And,
1, = (ny - 1)sec® (1.5)

Jamming for this planar case as in the circular case
is the condition where neighboring strands of the same set
are as close as possible while still allowing an interlacing
strand to pass between them. Brunnschweiler defines jamming
by making the straight inclined length of the interlacing
portion of the vyarn, 1ls, equal to zero (Equation I.2).

Therefore the jammed dimensions for the diamond trellis are:

Ptj = /3 H J - 600

xy =V3+ (ay-1) 5 qy=/3+(y-1 ; z:=/3+(oy - 1)
s sin(a/2) . sina J cos(a/2) (1.6)

lj = 2sec(B)E(B, 60°) + (n - l)sechd

A key boundary condition used in both

Brunnschweiler”s flat model and the circular model to be
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developed later is that all relative movement of the strands
between and during jamming occur within the plane of the
fabric. If there was motion normal to the fabric plane it
would be the analogue of crimp interchange in woven fabric.
Crimp interchange is the outcome of differential loading of
warp and filling yarns. Since the two sets of braid strands
comprise the same selvedge they are always subject to equal
loads. Therefore there is no out-of-plane strand
displacement meaning the thickness of the braid’s fabric
wall remains constant throughout the period of structural
deformation. Even at jamming, p & one assumes
incompressibility of yarn cross—-section, the fabric
thickness remains constant at 24.

Brunnschweiler suggests the use of tables and graphs
in order to facilitate the wuse of his complex final
equation. However because he finds that there is little to
facilitate the extraction of data from his equation for
these original graphs and tables, he is very sparing in
their presentation. The need for computerized generation
and handling of theoretical and experimental data is clearly
in evidence.

Throughout his work, Brunnschweiler is 1investigating
circular braids with the wuse of a planar unit cell. He
claims that unless the total number of strands is
exceptionally 1low, less than eight, that the flat diamond

cell will be equally applicable to flat and tubular
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structures. The validity of this assumption will be
critically evaluated.

Using Brunnschweiler’s equation, Popper [4] presents
in more readily usable graphical form the predicted range of
braid dimensions between the jamming limits. Like
Brunnschweiler he makes no attempt at experimental
verification to see whether the predictions are realistic.
This presentation will include the development and
utilization of a test procedure to measure the deformation

geometry of circular braids.
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CHAPTER II

THEORY

Arc—-lenagth Theory
The path of a braid strand can be approximated by a

simple helix described using an orthogonal coordinate system

as follows:

£,(8) = Rjcosb (1r.l)
£4(8) = Rysind
f,(6) = RybcotQg

F(8) = (£,(8), £,(8), £,(8))

As the vectorial angle (8) varies from zero to 2m, a helix
with radius Rl and height (pitch) 27RlcotQl is swept out
(see Figure 1).

The approximate distance between any two close points

on the helix is given by the length of the inscribed chord.

Chord Length = ||F(6 + A8) - F(8)|| (TL2]
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Hence if the entire pitch of the helix is partitioned into m
such distances the approximate arc-length of the helix would

be their sum:

Arc-Length = I HF(Bk +A0y ) - F(Bk)HakB (1739
A B

Letting m approach infinity and (Af) approach zero permits

the summation (II.3) to approach the integral:
Arc-Length = /2 |[F'(e)||de (I1.4)

Substituting (II.l) into (I1.4) allows the calculation of

arc-length per pitch of the helix.

F'(8) = (-R;sin8, Rjcosb, RjcotQ)) (I1.5)

|[|E'(8) || = RicscQg (11.6)

s37|[Fr(8)||d8 = 2mRjcseQ) = L) (11.7)




19

Appropriately this quantity of arc-length per pitch
corresponds to the hypotenuse of the helix triangle in
Figure 1.

The effect of interlacing crimp on the strand
arc-length can be introduced into the model with the
following assumption:

The serpentine path of a strand in a 1/1 tubular braid
can be approximated by a sine wave of amplitude equal to
the strand’s radius r, and frequency equal to one-half
the number of strands with which it interlaces, n/2, per
pitch.*
Note that a strand belonging to the set of "S" helices must
interlace with every member of the "2Z" helical set. Since
there are n strands per set and each cycle of sine wave
interlaces with two (over one and under one), n/2 cycles are

required per pitch. The symbolic form of the crimp wave is:

Crimp Wave = rsin(n6/2) (11.8)

Returning to the coordinates of the helix, the new transient

* The author wishes to acknowledge Dr. A. Tayebi for
suggesting the "helix with sinusoidally varying radius" as
an approach to the braids problem.
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helical radius, Ro, osc¢cillates about nominal helix radius,

Rl, as a function of (8). It is given by:

Ro = Ry + rsin(nd/2) (1T.9)

And thus the new coordinates of a point on the crimped helix

are:

Rocosa

—~

[as]

~—
I

(I1.10)

e
]
~
D
~
]

R,51n6

]
N
~
@D
~
]

R,0cotQ,

G(8) = (gx(8), gy(8), g,(68))

The assumptions standard for geometric models of
textile structures are to be invoked. Strands are circular
and non-flattening in cross-section, flexible, and uniform
along their length. 1In contrast to past braid models [3,4],
the effect of fabric curvature 1is not assumed to be
negligible. Instead of wusing alternating straight and
elliptical strand segments to approximate the path of the
strand axis, we have a sine wave oscillating normal to the

cylindrical surface through which it travels.
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The notation used is:

Lo = curved strand length* per pitch; arc-length/pitch

L1 = length* of the projection of Lo onto the fabric
plane; length of helix triangle hypotenuse

20 = curved strand length per unit cell; length of leg of
unit trellis ‘

21 = length of the projection of lo onto the fabric plane

s = any strand arc-length

Ro = transient radius of the crimped model

Rl = nominal helix radius; radius of uncrimped helix
triangle

FK = curvature of the braid fabric wall; 1/R1l

r = strand radius

ro = transient effective radius of oblique section of
inclined strand

a = maximum value of ro; major radius of ellipse

d or SD = strand diameter

D= 2x Rl: braid diameter (nominal)

n or N = number of strands per helical set

2n = total number of strands in braid

Qo = transient local helix angle for the crimped model

Ql = nominal helix angle; helix angle for uncrimped model

H = pitch height for crimped and uncrimped models

* Unless otherwise labelled all length dimensions are
divided by strand diameter (taken as unity) to make them
dimensionless.
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He = height of unit cell

wWe width of unit cell

(8) = internal vectorial angle of helix

WX,WY,WZ = direction cosines of strand axis, dx/ds,

dy/ds, dz/ds

R position vector which generates crimped helix

T = dR/ds; tangent vector
GC = curvature of strand

GT = geometric torsion of strand

DIST = inter-axial distance between jamming strands

ELLIP = distance required by oblique strand

cross-sections during jamming

JD = jamming distance; DIST-ELLIP
(x) = angle between ro and a" in ellipse
() = angle of rotation of elliptical strand
cross-section

(¥) = angle of inclination of inter-axial chord in jamming
TYPE = 1. diamond braid

2. right-hand, regular braid

3. left-hand, regular braid
MODE = l. arc-length calculated according to crimped

helical model
2. arc-length calculated as simple helix

3. arc-length calculated according to flat-cell model
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In order to get the new crimped arc-length, Lo, apply

arc-length formula (II.4) to the crimped helix (II.10):

Lo = /3™/{(8"4x(8))2 + (8'y(8))2 + (g',(8))2}de

(11.11)
Where the derivatives with respect to (8) are:
£'.(8) = -Rysin® + nrcos(én/2)cos - sin(®)rsin(én/2) (IT.12)
2
£'_(8) = Rjcos® + nrcos(6n/2)sin® + cos(B)rsin(én/2)
4 2 (I1.13)
£',(8) = H_
2m
(I1.14)
The final formula can be summarized by the relation:
L, = function(Ry, Q;, n, r) (I1.15)

Note that even though Qo in a crimped helix oscillates and H
remains constant, it 1is more <convenient and clearer to

characterize crimped helices by their nominal helix angle,
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Ql.

Since the complexity of the arc-length integration
does not allow a closed form, analytic solution, the
trapezoidal rule and digital computer is employed to provide
values of Lo. Data generated in this manner is presented in
the section on theoretical results.

The computer provides great power and flexibility in
manipulating the equations and resulting data. It enables
the taking of function (II.1l5) and calculation of sets of Rl
and Ql for given- r, n, and Lo. This relationship would not
otherwise have been available because of the non-linearity
involved. The "false position" algorithm is used to arrive
at these values. To have Rl and Ql as dependent variables
is important because for a given braid specimen n, r, and Lo
are always fixed and Rl and Ql vary as the braid is
deformed. All the deformation-curves for individual braids
plotted in this thesis are derived in this manner (e.qg.
Figure 13).

Discussion Of The Sinusoidal Helix Model

Let us see how the use of the circular model yields a
more realistic geometry than the flat-cell approach. If one
were to impose curvature on a series of flat cells, the
bending would place the underlaps in compression and the
overlaps in tension. In actual braid formation, a tubular
braid in avoidance of this stress build-up simply requires

less strand length for an underlap and more for an overlap.
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Unlike the flat-cell model, the cylindrically based
sinusoidal model incorporates the longer overlaps and
shorter wunderlaps. This length differentiation 1is not
important in calculating the overall Lo since the long and
short segments compensate for each other, but it is
important in jamming. Jamming initiates on the concave side
of the bent strand where there 1is 1less space for the
accomodation of the interlaced strand. To accurately
predict jamming it is essential to take the fabric curvature
with its longer and shorter strand segments into account.

Another anticipated advantage is that the continuous
sine function should more closely approximate a yarn which
is a mechanical continuum of small finite bending rigidity.
The sinusoidal model does not have the discontinuities in
curvature that are present in Brunnschweiler’s compound
curve.
Regular Braids

Each strand of a regular braid overlaps and underlaps
two strands. Regular braids are distinct from basket braids
in that each adjacent parallel braiding element interlaces
one step out of phase with its neighbor. A regular braid
has half the number of interlacings as a diamond braid with
the same number of strands.

However, a mere doubling of the wave-length of the
sine wave is not the only adjustment required to extend the

diamond model to the case of regular braids. In the
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previous diamond braid model proper nesting of +the strands
at interlacing points was achieved by centering the
cross-section of the interlaced strand in the sinusoidal
trough of the interlacing strand. The result was a fabric
wall of thickness 2d, one of the boundary conditions. This
can be seen in Figure 5 where the computer has been used to
plot the projection of one pitch of a single braid strand
and the cross-sections of the strands with which it
interlaces onto the x-y plane. Ellipses are used to
approximate the true quasi-elliptical nature of the strand
cross-sections mentioned earlier.

If a simple sine wave interlaces two strands neither
of them will be centered, the fabric thickness will exceed
2d , and the configuration will not manifest suitable strand
inter~-nesting. The corrective neccessary, if the sinusoidal
character of the model is to be preserved, is to build a
compound curve of part sine wave and part constant radius
arc in the same manner that straight-lines were pieced
together with elliptical arcs. Although this model
sacrifices the strand axis curvature continuity, it is hoped
that the calculated values will be sufficiently accurate to
predict the dimensions of regular braids.

The compound curve is constructed by dividing one
interlacing repeat into 4 segments (see Figure 6). The
first segment maintains a constant maximum helical radius.

The second segment takes the form of one-half of a sine wave
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BRAIOD-TYPE= DIAMOND HELIX ANGLE= 21.0
NUMBER OF STRANDS/SET= 16. BRAID DIAM.= 12.2
STRAND DIAMETER= 1. STRAND LENGTH/PITCH= 108.6

INTERLACED
STRANDS

IVTERLACIVG
STRAND

FABRIC
THICKVESS

FIGURE 5. PROJECTION OF CIRCULAR 1/1 DIAMOND BRAID.
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BRAID-TYPE= REGULAR HELIX ANGLE= 21.0
NUMBER OF STRANDS/SET= 16. BRAID DIAM.= 12.2
STRAND DIAMETER= 1. STRAND LENGTH/PITCH= 107.98

OVTER ARC OF /_)'
COVSTAWT RADIVS

PEscevDING V4
SINE WAVE

IMNER ARC OF
CONVSTANT RADIVS

FIGURE 6., PROJECTION OF CIRCULAR 2/2 REGULAR BRAID,
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of frequency n/2 (the same frequency used in a diamond braid
of the same n) which descends from the maximum to minimum
radial position, followed by a segment of constant minimum
radius. Finally a sinusoidal segment ascends back to the
level of maximum helical radius and so on.

Figure 6 illustrates several noteworthy features of
the compound curve model of the regular braid. A boundary
condition placed on the model is the equidistance of
adjacent strands of the same set. Unlike the case of basket
braids the two elliptical cross-sections sharing the same
overlapping strand do not group together. Such behavior is
prevented because of the interlacing phase lag in adjacent
strands. Any tendency for a strand to move toward the
center of the crimp wave is balanced by a similar tendency
in the opposite direction at the strand”s next interlacing
tier. The equidistant spacing of parallel strands is
observable in actual regular braid.

The plot also reveals a drawback in the construction
of the inner arcs of constant radius. There is no physical
reason for it to have the positive curvature it has unless
perhaps the braids is seated on a c¢ylindrical core as it
would be in a composite sheath/core construction. The
effect on the arc-length calculation of this discrepancy
should be negligible.

The arc-length equation for regular braids becomes:
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Jamming Theory

Jamming is a condition of high fabric packing density
where a position of limiting structural geometry is reached
due to the inability of solids to inter-penetrate during
braid deformation. In the case of extensive jamming it is
the point where extension from the pivoting lattice of
diamond trellis wunits stops and extension due to the
straining of the strands begins. For compressive jamming it
is where strain from similar structural accomodation stops
and the buckling of the tubular braid starts.

A vector analysis of a typical point of interlacing
is used as the foundation for the quantification of the
jamming phenomenon. Looking at the cylindrical wall of a
tubular diamond braid (Figure 7), focus on two contiguous
legs (A and B) of a non-planar unit cell and their vertex.
There is one point of contact; the "Z" segment starts at the
maximum radial position and descends to the minimum while
the "S" segment does the opposite. Equation (II.1l0) gives
the coordinates of the "Z" segment. The "S" segment is set
out of phase by adding ®m to the argument of the sine in
(I1.9) and generated using -(@&) in (II.10). Jamming is

declared if the braid is deformed, i.e. Rl and Ql are
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A2 z
(—++H)= sTRAVD AXiS - IMCREMENTED
(----)=sTRAMD OUTLINE

b 4

4
RADIAL
PIRECTION

BRAID AX!S

Ry

SIDE-VIEwW:

(CJ ROTATED SEcTion
OF FABRIC WALL

FIGURE 7. NON-PLANAR DIAMOND UNIT CELL AND LATTICE STRUCTURE.
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manipulated, so that there is more than the one original
point of -contact.

The test for jamming consists of using the computer
to step up the two legs with as fine an increment as desired
and comparing their inter-axial distance, DIST, with the
distance required by the thickness of the strands, ELLIP.

DIST is readily calculated using the distance formula:

DIST = /{(xg - x')2 + (y4 -y'P?% + (24 - 2'?) (RL17)

The calculation of ELLIP however requires the finding of an
effective radius, ro, for the strand as it cuts the X-Y
plane at local helix angle Qo. The value of ro 1is greater
than or equal to r due to obliquity. The precise fixing of
ro depends on the relative position of the two strands (see
Figure 8). The orientation of the two axes in space found
using vector analysis is neccessary to calculate values of
ELLIP, Using the coordinates for the crimped helix (II.1l0)
as position vector, R, and derivatives (IT1.12-13-14) gives

tangent vector T:

d de ds V{(dx/de)Z + (dy/de)Z + (dz/de)*}

T = dR = dR , d6 = (dx/de)I + (dy/d8)] + (dz/d8)k (I1.18a)
s
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HORIZONTAL SECTIOVS OF A
STRANMD INTERLACING AT
OIFFERENT HEIGHTS

@O Wi ¥z
FIGURE 8,

TEST GEOMETRY FOR EXTENSIVE JAMMING.
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Rewritten in terms of direction cosines (Wx, Wy, Wz) it is:

T = wxI + WyJ + Wzk (II.18b)

Wx = 1 (II.18c)
V{1 +(dy/dx)* +(dz/dx)“}

Wy 1 (I1.184)

Y{(dx/dy)¢ + 1 + (dz/dy)*}

Wz = 1 (I1.18e)
v{(dx/dz) ¢ + (dy/dz)¢ + 1}

The local helix angle, Qo, becomes:

Qp = cos~l(dz/ds) = cos™1(Wz) (11.19)

The quasi-elliptical cross-sections of inclined strands are
idealized as simple ellipses whose long axis, 2a, makes an

angle (¢¢) with the y-axis (see Figure 8):

¢ = tan~l(dx/dy) = tan” ' (Wx/Wy) (TT..20)
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The length of the ellipse major radius (transient) is:

a, = r/cosQo (11.21)

The effective strand radius can be found using the polar

coordinate equation for an ellipse,

r, = V{a2_r?2/(a?,sin%a + r2cos?a)} i1%.92)

Angle (®e) is calculated by first finding the angle (J e)
formed by the chord between the two strand axes and the
x-axXxis and then rotating the orientation of the elliptical

cross-sections (see Figure 8) according to direction

cosines, Wx and Wy.

Yy = tan'l{(x‘i - xi)/(y'i -yl (Ir1.23)
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The final value of ELLIP is the summation of ro and ro” from
the "S" and "Z" segments. The two gquantities are different
because the two crimp waves are out of phase. The symmetry
that does exist is between the beginning of one segment and
the end of the other, not the two beginnings that are being

used here. Thus jamming occurs when:

0 > DIST - (r', + ry) = DIST - ELLIP = JD (I1.25)

o

The above description will hold for the smaller helix
angles present in extensive jamming. For larger helix
angles in compressive jamming we will have to check two side
trellis legs (A and C in Fig. 7) for inter-penetration.
Geometry of compressive jamming is slightly different due to
the curved nature of the cylindrical surface of the braid.
The expressions for DIST (II1.18) and the polar equation of
an ellipse (II.22) are of course the same, though values of
(), (¥), and (¢) must be determined according to the radial
position of the strands. The inclination of the inter-axial

chord (see Figure 9), (Jdc), is:

¥ = tan_l[/(xzi + y2) - J(x'?; + Y'Zi)] (11.26)
zy - 2'4
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The angle of rotation of the cross-sectional ellipse ({fc)

toward the center of the braid is (see Figures 9 and 10):

b = tan"l[/(sz + Wy?) sin(® - tan"l(Wx/Wy))] (X¥1.27)
Wz

Therefore,
Gc = Yo * bc (I1.28)

Angles (#c) and (xc”) are then inserted into (II.22) to find
ro and ro” of the right-top and right-bottom strand. The
jamming or interpenetration condition occurs according to
(TT25)

The information about orientation of the spatial
curve formed by the strand axes can be organized in table
form (e.g. Table 3). Two additional pieces of information
provided by the table are curvature (GC) and geometric
torsion (GT). They have been given to complete the
description of the helical model with a sinusoidally varying
radius. Curvature is indicative of the sharpness of the
bends at different stations along the leg of a unit trellis.

Geometric torsion is a measure of the curve’s departure from
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the plane, its "spatiality". The equations neccessary for
the calculation of these two quantities are listed in
Appendix A. For a more detailed discussion on the textile

application of these concepts see [6].

The jamming tests so far described check only for the
inter-penetration of one configuration of stfand
interlacing. For a given braid with braid constants Lo, n,
and 4, only one combination of D and Ql has been checked.
Since it cannot be known apriori which particular
combinations to test, the whole range of possible diameters
and helix angles must be examined to find one extensive and
one compressive Jjam point. The procedure 1is made more
efficient by using a single set of tests to find jamming
values for a whole set of braids with fixed n and 4, varying
Lo. The <curve formed from this jamming data is called the
"jamming envelope" (see Figure 13). The zone to the left of
the envelope is an area of theoretically impossible braid
formation. The deformation curves of braids with particular
Lo are found on the right-hand side.

The flow of information and the iterative procedures
used in the computer program subroutine which generates the
jamming envelope is charted in Figure 12. For a given braid
pattern with n number of strands per set and a certain
strand diameter, d, the subroutine starts with a maximum

helix angle and maximum braid diameter. It steps up trellis
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