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ABSTRACT

The technicue of wet tengsion testing 1ls appllied to a
study of some reactions of collagen, includlng conventional
tanning agents. In a presentation of the theoretical back-
ground of the method, the mechanlism of rupture of protein
chains, the theorles of filber structure and of proteln
gtructure, and the types of intermolecular forces that may
exist in the proteln chaln, are discussed.

The technigue 1lnvolves the sppllication of a lead holder
to kangaroo tall tendon collazen fiber sggregates. These

lead pleces are held in turn by the Jaws of an inclined-plane
fitted with a trough into which the wet fibers are placed. A
stresm of water pours down the trough, keeping the fibers wet
during testing. The tenslile strength is calculated as "mean
breaking length", i.e., that length of fiber which, if sus-
pended from one end, would brezk under 1ts own length.

The use of water-gswollen fibers in thls type of testing
facilitates interpretation of results in terme of some of the
stronger of the inter-molecular forces. Dats are presented on
vegetable, chrome, and formaldehyde tannages, and on a cross-
linking reaction, and a slde-cheln-speciflic proteln reaction.
Using statistical methods to test the signiflcance of the data,

it is shown that conventional tannages decrease the wet
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strength of collagen fibers. However, an lncrease in the
hydrophoblclty of‘the orotein may, 1in some cases, lead tc an
apparent increase in wet strength. It is shown that side-
chain-specific reactlons cen decrease the strength of the
fibers, Cross-linking of the protein chains results in an
1ﬁcrease in strength.

The conventlonal interpretation of tannsge as 2 covalent
cross~-linkage of collagen chalns by tanning agents is incompat-
ible with the data presented. The results obtained in this
investigation require elther that this theory be discarded,
or that a different interpretation of the theory be made.

A hypothesis to eiplain the decrease in‘strength, due to
tannage, 1ls advanced.

A method for the oprenaration of 2,L-dinitroflucrobenzene

is described.
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HISTORICAL

The eéever-increasing applicatlion of sclence to the art of
tanning animel skins to make lenther has resulted in an in-
reased interest,in’the mechanlem of this tennage. Many of
thege studles have taken the form of attempts to digcover
what, 1f any, stoichlometrical relstionshlp may exist between
the skin proteln and the take-up of tanning materisl. In a
different approach, Tu (43) recently studied the effect of
the structure of gsome synthetlc tanning materials closely
related to the vegetable tannins on tannage.

This digsertatlion represents the report of an investi-
gation of the mechanlsm of tannage by a still different
approach: that of studying the mechanism of tannage by a
study of the relative forces involved in the proceszs. By way
of establishing the theorefical basis for thls ilnvestigation,

a review 1s presented on past attemots at evalustion of these
forces, the mechanism of rupture of protein fibers, the fine
gtructure of skin protein, the forces between adlacent protein
chains, and the applicatlion of tension testing in evaluating
changes 1in these forces.

In 2 recent paper on the structural stability of collagen,
Highberger (24) has discussed various theoriee of the mechanism
of tannsge, with particular reference to the mechenlsm of form-
aldehyde tannage. He reviews the currently favored theory of

cross-bridging from the standovoint of the hydrothermal shrink-
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age phenomenon, and the mechanlcal stability as evidenced by
the determination of tensglile strength of parallel éisposed.l
fiber bundles of collagen.

If one is to accept the claim of Thels (42) that the
hydrothermel shrinkage temperature ls a measure of the struc-
tursl strength of the collagen fiber, he le led to the con-
clusion that tennage increases the inter- and 1lntra-molecular
forces in the collagen "molecule". According to thls author,
the increase in forces is probhably effected through crogs-
bridging between adjacent peptide chalns by the tannin molecule.
(Most, if not a2ll, of the commercially nractlced tanning pro-
cedures ralse the shrinkage temperature in water of hilde
gqubstance from sbout 62°C. to higher temperatures, depending
on the tannage, golng as high as the boll temperature in the
éase of many chrome tannages.)

It is not the purpose of this dissertation to settle the
question of the mechanism of hydrothermal shrinkage. The
factors involved in shrinkage are probably too numerous to be
resdily settled. Nevertheless, 1t seemg reasonable to assume
that the forces between polypeptide chalns may well be one of
the factors involved, as well as such less deflnable factors
as increassed hydrophoblclty of the.collagen due to tannage.
On the other hend, tensile strength measurements of parallel-

arranged flber bundles seem to be lergely, 1f not exclusively,
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a function of the forces between the polypeptide chains, or
of the chain gtrength 1tself.

As Highberger (24) polnts out, the rupture of alr-dry
collagen fiber bundles occurs at a load corresvonding to a
tenslle strength of about one-thirtieth of the load that would
be theoretically requlired 1f the mechanism of rupture were the
bresking of covalent linksges slong the cheln. He therefore
concludes thet the mechanlsm of rupture 1ls the breasking of
laterasl cohesive forces tetween the chalns, allowing the adja-
cent chalns to sllp over one another. This view ls shared by
leading fiber chemists, dealing with wool (21) and other
fibrous materials (29).

From a loglesl viewnoint, thie mechanism of runture is
the most likely explanatlon, becesuce the polnt at which rupture
willl occur will be the weakest of the verious links in the
chain, and, as wlll be pointed out, 1t 1s these forces between
chalns that are weaker than the forces along the polypeptide
backbone,

Harris (23), paraphrasing a discussion of Mark (29),
gilves a concligse statement of the modern viewpoint of fiber
gtructure: "If the polymer molecules fit poorly into a lattice
and the intermolecular sttractione are weak, the material
should heve rubber-like properties. In contrast, if the

gstructure of the molecules permits ezsy filtting into 2 lattice
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and the forces between molecules are strong, the material is
s fiber. In intermediste ceses, plastic systems result."”

Any discugsion of filbrous protein structure sgsumes long,
relatively straight-chain, opolypeptides, in a three-dimensional
array, roughly simllar to a2 bundle of sticks. As a qualitative
pleture, there seems to be 1little reasson to cuestion this
hypothesis. In recent years, various lnvestigators have
attempted to glve a more duantitative plcture of the fine
structure of the fibrous protelins. Of these, the investliga-
tions of Agtbury (1, 2, 3, 4, 5, 6, 7) have justifiably
recelved the greatest attention.

Agtbury derived most of hig ideas from an intervretation
of the x-ray diffraction patterns of the fibrous proteins.

He has attempted to describe the flne structure in such
respects as: (1) average length of residues along the chailn,
(2) backbone spnecing, (3) side chaln spacing, (4) number of
residues in a "molecule®, (5) arrangement of amino acids along
the chain, and (6) the degree of "kinking" of the chain.

Agtbury's guantitative nicture is no longer the ponulsr
conception, because of the vork of Schmitt and co-workers
(19, 35) and Bear (9, 10), who demonstrated by electron micro-
scopy and low angle diffraction studlies that a 640 zngstrom
repeating unit exicsts in collagen. Thls spaclng ls lnconslst-
ent with Astbury's plcture, as originally formulated, of the

number of residues in the chain. Further, the periodicity
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theory (11) of the arrangement of amlno aclds in collagen has
been shown to be inconsiestent with later, and nrobably more
accurate, proline determinatlons (12, 13).

In znother eriticism of the Agtbury theory of collagen
structure, Hugzins (26) hes suggested an alternative structure.
He pronoses a spiral structure wlth the side chalns alter-
nately above and below the maln chaln. Proper arrangement of
splral layers would glve close-packlng of the polypeptide
chalns,

Another idea of fibrous protein structure has been sug-

gested by Schmitt and Denues (%6) who 1ndlcate that "many
reactive fibrous proteins conslst of globular molecules in
linear array and ... thelr physilcal properties depend on a
reversible globule-fiber transformation sensitive to pH, lonlc
environment and enzymes". Most of the evidence advanced per-
tains to the muscle proteln, which 1g¢ unlike collagen, and to
fibered globular oroteins, such ze¢ insulin and virus varticles.
However, Farrant, Rees, and Mercer (17) have considered keratin
as a linear array of globular particles, although, as Schmitt
and Denues point out, this may be an artifact. The evidence
for this consists of electron photomicrographs of gold
shadowed specimens; gold tends to migrate and form aggregates,
which may explain the evidence without assuming arrays of
globular particles. On the other hand, Schmitt and Gross (37),

in a review of the electron microscooy of collagen, suggest
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"that the periodically contoured structure may result from
loss of water from interband regions during drying. Shadowed
replicas of molet fibrils show 1little lntraperiod contouring.
The fibril is thought to be composed of longltudinally dls-
posed polypeptide chaing which tend to aggregate in bundles.."
(aggregates which form fibrils).

A further discussion of the formulstion of collagen 1s
given by Highberger (in Monograph of MoLaughlin and Thels,
"The Chemistry of Leather Manufacturg) (30). The exact detalls
are not especlally relevant to the purposes of this paper,
However, the postulates of collagen structure are'generally
Qonsistent with Merk's (29) theories of fibrous structure, and
we may consider the fiber to consist of three-dimenslonal
arrays of polypeptide chains, oresumably parallel. As will be
shown later, thebinter-molecular forces holding the collagen
chains together are most probebly hydrogen boads, salt bridges,
and van der Waszls forces.

In the discussion of the nature of the fibrous state, 1t
was noted thet there ls a strong emphasls on the forces be-
tween molecules, or to modlify for proteln fibers, the forces
between polypeptide chains. The forces which might exlst he-
tween peotide chains may be classifled as follows:

1. Covalent bridges, l.e. bridges between adjacent poly-

=Y

septide chains, linked to the main chain by a covalent type of
Fgia 2 D :
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linkace. An excellent example of thege linkages lsg the di-
gulfide bridge between adjacent polypeptide chalns 1n wool
and heilr keratin. This bridge has been demonstrated by a
number of investigators, and the procedures involve tenslile
testing, in addition to chemical evidence (see, for example,
Speskman (39)). In essence, the procedure involves wet tenslon
testing (to reduce weaker forces) of the wool fiber. When
these dlsulfide bridges zre broken (e.g. by reduction of the
disuifide link), the strength end resistance to elongation of
the fibers decrease conslderably., When these bridges are re-
formed, (see Speskman (39), and Harris, et al. (18)) by
reactlion with organic dihalides, the fibers are consliderably
strengthened,

Due to the low cvstine content of collagen, 0.0 (&, 13,
31), no cross-bridging from disulfide bridges would be expected.
Further, there is no other amino acld known that has two amino
and two carboxyl groups, and therefore 1t would not be expnected
that covalent cross-linking of any kind would be found in
collagen,

2. FHydrogen bonding, also known =28 strong van der Waals

]

forces. These may occur bhetween adjacent peotlde links, as
well as between side chain groups. Many chemists who have
studled the structursl chemistry of collagen (24, 27) believe

these hydrogen bonds are one of the most lmportant, 1f not the
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most lmportant cross-linking forces exlsting in the fiber,

3. Salt bridges. Thegse are coulomble forces, represented
by oppositely charged groups (esn. NH;'an& Co0~ }, and hold
the adjacent chezins together by electrostatic attraction. The
importance of this force 1in collagen fibers 1s belleved by
many (24, 27) to be & significant factor, especially in the
explanation of the hydrothermal shrinkage phenomenon. However,
the relstive smount of free amino and free carboxyl groups 1n
collagen 1is small, especlelly in native untreated collagen,
vhere presumably 211 acld amlde groups are stlll intact. It
would therefore seem that salt bridges sre of secondary lmpor-
tance in a considerstion of the gtructural stability of the
collagen flber.

The 10 ﬁngstrom spacing in vacuum-dry collagen ls gener-
ally belleved to be dﬁe to the sa2lt bridge~-slde chain spacing
(24). This svaclng lncrecsee with water content of the fiber,
and it therefore seems reasonable to assume that this force
decreases in a water swollen fiber, (Coulombic forces are
inversely nroportional to the square of the distance between
the two charged grouns).

The above dlscussion involves coulomblc attractive forces,
but 1t is concelvable that coulomble repulsive forces might
algo exist in & proteln fiber, if the zdjacent charged grouns

were of the same sign. There seemg to be no evidence on whlch
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to base an estimste of the relative lmportance of these
coulombic forces, although most investigators in the field
place much stress on the attrzctlve forces. Thls stress 1s
quite probably dne to & misplaced emphasls on sttractive
forces, to the excluslon of proper consideration of repulsive

forces.

L. Van der Wasls forces. ™ In an excellent discussion

of these forces, Rice and Teller (33) point out thelr various
components: (a) dipole-polsrirzability lnteraction, (b) divole-
divole interactlon, (e¢) temperature effect, and (&) polariz-
abllity-polarizsbility interactlon. The magnitude of the

force ls inversely proportional to the n th power of the dis-
tance hetween the groups, where n varles, depending on the
specific component of the force, and having values from % to

g (28). In a water-swollen fiber, therefore, the van der Waals
forces should be decreased even more than the coulombic forces,
and can be considered to be prectlcally neglligilble.

In addltion to the van der Waals attractive forces, men-

tioned above, there are also stronger van der Waals reoulsive

Hhere ig gome confuslon exlstling regesrding the terminology

of "van der Wsals forces". Some suthors include the hydrogen
bond as one component of these forces. In this peper, however,
whenever the term "ven der Waals forces" 1s used, hydrogen bonds
are not included as one of the components. Thus, what 1s here
celled "ven der Wasls forces" are called by some authors as
"weak wvan der Weals forces". These authors sometimes call
hydrogen bonds "strong van der Wasls forces", '
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forces. There 1s no evidence on which to base an estimate of

these replusive forces. It would seem, however, that because

of the small distance over which they ere effective, that they
would be negligible in eswollen collegen, although possibly of

importance in the dry filber.

While the covalent forces are the strongest of these
forces, and hydrogen bonds the next etrongest, the nuumber of
bonds must bhe teken into account. Thus, van der Waals forces,
weak though they be, may contribute more to the stability of
2 fiber (due to greater number) than a stronger force less
prevalent.

Harris and Brown (23) lict some of the various fibrous
materiels, with a discussion of their molecular structure and
properties, and discuss two broad classes of flbers: the
s1lk model and the wool model. Sllk possesses high strength
and low elasticity; wool, on the other hand, has low strength
but has a long-range elasticity. These authors attribute the
high strength and low elastlcity of gilk to high amounts of
low-molecular-welght amine aclds, viz., glycine, alanine, and
serine, wvieldlng polypeptida chalns that are relatively bare,
with few bulky side chains. Thue, close-packing of the chalns
would be possible, with conglderably inter-chaln hydrogen bond-
ing. Wool, however, has a low proportion of low-molecular-

welght amino acids, and large bulky side chalng would make
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cloge-packlng more dilfficult, with inter-chaln hydrogen bond-
ing lesc likely. Thus, the low strength of wool can be
explained by the small amount of inter-chalin bonding. The
disulfide bridges present are shown to glve the wool whet
1ittle strength it has. In addition, the lack of close-nacking
would be expected to indlecate a smaller van der Waals sttrac-
tion in wool than in sllk.

Collagen hag a relatively high strength, but a low stretch,
so it might be expected to fit into the silk pattern. The
large amount of glycine (roughly one-third of the amino acid
residues) (13) and proline and hydroxyproline (about one-fourth
of the residues) (13) and alanine (about one-tenth) (13),

; would be expected to contribute to close-packing and inter-
chain hydrogen bonding. The size of the proline moclecule
might prevent as much close-~-pzacking as would exlst in the sllk
fiber, end might alter the size of the chain, and the degree
of kinking. Thus, whlle the nroline (end hydroxyproline)
residues should account for some differences from the silk
fibher, collagen should be, and lg, roughly similar to silk in

ite oroperties.

Tenslon testing has been used ae a method of qualltative
evaluation of inter-chain forces in wool (39). Comnton (14),
using "teased" fiber aggrepates from the kangaroo tall tendon

(because they are mono-directional) studied the effect of
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tannage on the tensile strength of collagen. He used dry
fibers (equilibristed to 65% relstive humidity at 70°F.), and
meagured the "mean breaking length' of the fibers. Thils is
the length of fiber thet would bresk under 1lts cwn welght 1if
suspended from one end. Because of the difficulty of sccu-
rotely measuring cross-sectional area of the flbers, 1t wes
felt that mean breaking length was a more accurate messure of
tensile strength. Showing hlg results to be statistically
significant, Compton concluded that "jew breaks", 1l.e. fiber
aggregates which bresk &t the Jjaw of the lncllned-plane ten-
sile tester, could be included in the data without effect on
lateral or longitudinal non-uniformlty of the fiber bundles

used.,

Compton's study included formaldehyde and chrome tannage.
He found o decreasge 1n tensile strength in the case of both
tanneges, the chrome tonned specimens belng the stronger of
the two. Increasing formaldehyde concentration 1n the collagen
led to a progressive decrease in strength, although the shrink-
age bemperatures were the same. Incressing chrome concentration
in the collagen had 1ittle effect on strength. However, he
suggests that 1f lese chrome had been applled, a more pro-
nounced range of strength might have been observed. As 1n the

case of formaldehvde tannsge, the effect of chrome tannzge on
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the mean breaking length epneared to be independent of shrink-
age temgperature.

Compton suggested hie technicue as representing a possible
method for the evaluation of tannage, and made no clalms for
the method as being of theoretical importance. Harris (20)
has suzzested a modification of the dry tenglle test, viz.,
wet tensile testing, as a means of obtalning results of theo-
rectical importance. Harrig'! idea 1eg that by working with a
fiber swollen in water, the chalns are separated to an evtent
so that ven der Waals forces (and probsbly also coulombic

b}

forces, i.e. ealt bridges) are reduced so that tension testing

gives an estimate of the role played by covalent bonds and
hydrogen bonds. In Harris' work (22,23) primary emshasis has

been placed on the stretchiness of the fiber (wool); a decrease
in stretchiness for a2 glven load means an increase in the inter-
chain forceg, and conversely, an increase ln stretchlness means
a decrease 1in these forces, Harris has placed great lmportance
on the hyeteresis "loon", l.e. the ares between the curve of
streteh (upon the apnlicatlon of load) and the curve of re-
covery (upon release of the load), as being indicative of this
stretchiness, and therefore of the inter-chalin forces. I%
should be noted, however, that Harrile' work, and also

Speakman's (39), and others who hsve used this technicue, 1s

on wool, which is oculte a stretchyfiber, Collsgen, on the
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other hand, is a stronger and less stretchy fiber, and

)

guantitative measure of stretch and hysteresls "loop" would
be more difficult.
Stubbings end Thels (U1l) have dilscussed the work of Harris
They point out that 1if fanning forms a brldge between collagen
chalns, the wet strength should be incresced over that of
untanned collagen, "It 1s this dlstinction between wet and
dry strength that should te invegtigated rather than a com-
rarlson between tanned and untanned dry strengths alone.'
However, these authore also mention that because of the
lack of cystine 1n collagen, collagen should have a2 low wet
gtrength compared %o weol. Thilg does not give proper emphasis
to the greater hydrogen bonding 1n collsgen than in wool.,

Further, inactivation of nolar groups, rendering them non-

i

polar, should reduce coulombic and van der Waals attractive
forces, thus decreasing the dry strength, but probably not
affecting the wet strength. BStubbings and Thels claim that
1f polar groups are rendered non-polar, the wet strength of
the fiber should 1necrease, without suggesting the mechanism of
this increase,

It is the purpose of thils disgertation to advance experi-
mental evidence which may be helpful in internreting the effect

of tanning meterisls on the mechanical stabllity of tanned
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collazen. The experimental approach will involve & study of
the effect of various protein modifications upon the wet

gtrength of cellegen filbers,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



EXPERIMENTAL METHODS

Fer the purposes of tenslon testing, 1t was deslred %o
uge samples of collagen conslsting of parallel-arranged fiber
bundles. Highberger (24) has suggested the use of kangaroo
tall tendons for the ourpose, polnting out the difficulty of
isolating fibers from skin in sufflcient quantity, and the
lack of sufficlent dimenslonal uniformity of fibers™ vrepered
from cattle heel tendon. ZXengaroo tall tendon fibers were
2lso used by Compton (1) in his study, previously discussed.

Longltudinal sectlons were made and examined in the
stalned conditlon. The collegen fibers, while arranged in a
pvarallel manner, were wavy in appearance. A smell amount of
elastic tlssue was found nrecent,

Neumen (31) has made 2 study of the amino acid composition
of collsgen from a'number of different sources. On the bhasls
of these sznalyses hie has shown that collagen from the kangaroo

tall tendon hag the seme anino acld composltlonass that cf meny

skin collagens.

o simplify the discusslon, the termlnology of textile
workers is used, and these fiber aggregates are celled simply
fibers. It should be borne in mind, however, that these
"fibers" are macro units, neot micro unite.
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The 1ldentity of collagen fror kangaroo tall tendon with
that of skin collaven has not been demcnstrated other then by
the amino scild composition, although Highberger (24) states
that the kengarco tall tendons are "comnosed of nearly pure
with that given by other collagenous tlssues®.

The tendons were recelved from two sources: The Armour
Laboratories, and The Ethicon Suture Division of Johnson and
Johnson. They would normally hsve been procesged and scold as
surgical suture meterial. They were untreated except for dry-
ing and splitting. The identity of the materials from the ftwo
sources wss demonstrated by a comparison of thelr mean bresking
lengthe (see "Discusslon of Results" section).

The fibers, tzken as recelved from the guture sunpl
house, were cut into lengths of 7 inches, and welghed. 150 to
175 of these fibers (weighing less than 0.1 gram) were random—
lzed into groups of 25 each, such that each group had the same
weight distribution, and therefore the same digtribution of
cross-sectional area.

After randomlzation, each group of 25 fibers was soaked
for one day in 10 per cent sodium chloride solutlion. They were
then sosked 1in succesgsive changes of distilled water, until
the water that hed been 1n contact with the tendong for at
lesst 12 hours falled to give a nositlive chloride test with a

one per cent solution of silver nitrate. They were then
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allowed to dry in sir, and were re-wet in dlstilled water
prior to treatment.

After the chemlcal treatmentg, the fibers were allowed
to dry slowly, by firet oplacing them in a chamber where the
relative humidlty was msintained at 100 per cent for a day.
They were then put into a 50 per cent relative humidity
chamber. The fibers were then "leaded" (see below). Follow-
ing this, they were re-soaked 1n water for at least a day
prior to a hysteresis test. Thls hysteresis test was made
with a 10 1b. totzl load, and wse done to show what, if any,
changes in hysteresig, 1.e. area between upstroke (spplication
of load) and downstroke (removal of load), were produced by
tannage. The fibers were allowed to "relax" in water for one
day before beinz given a breaking test, at 25 lbs. total load.

A major problem in this investigatlon was to find a sult-

able method of holdélng wet fibers in the Jaws of the tensile
tester, without allowing the fibers to slip, or to disorient
them to any great extent. A number of procedures were tried,
such as knots on sticks &and wires, fastening with glues, ete.
The method finally adopted was to pinch the end of the fiber
with a lead fishing sinker (Pflueger "Clincher", No. 2080,
Size 2), and then pressing the lead repeatedly 1in a vise, until

+H - ; . T
the lesd  "flowed" around the fiber., ILven wlth this method,

e fiber wes originally 7 inches long. The lead sinker
held sbout one inch of the fiber on easch slde, leaving
spproximstely 5 inches of fiber free for tenvion T@stinﬁ.
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a few cases of slippage of the fiber from the cleamp occurred,
but these results were discerded in the calculatlons.

The fiber aggregates usged were too small to allow con-
venient methods of cross-sectional area messurement, and
microscoplic methods were ghown to he too lnsccurate. Con-
gcequently, the method of "Mean Breaking Length" as a sub-
stitute for conventionsl tencile strength measurements was
ueed. Thilgs method has previously been descrlbed by Highberger
(olt) and Compton (14). The fibers, after breaking, were allowed
to "rest" & day in distilled water. The part of the fiber
not held by the sinker was cut away, and lte length measured
with & centimeter rule., The fibers were vplaced 1n individuel
test tubes, and dehydrated with ascetone for one-half hour.

The acetone wes then poured off, and the tubes were allowed to
git overnight. They were then placed 1ln an oven st 75°C., in
vacuum, for four hours., After cooling, they were weighed %o
0.1 mz. on an analytical balance. The results were calculated
rom the formuls -—-

Mean Bresking Length, in Km. = 4.54 X 100 2k

W
B = Breaking load, in 1bs.
L = Length, in cm.
W = Welght, ln gas.
.5l x 1077 = Conversion factor for units used,

Compton (14) found that the occurrence of "Jaw breaks",
i1.e. %the breaking of the fiber at the Jaw of the tester, does

not affeet the results, and no contradiction of this conclusion
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was found in this investigation. A mejorlity of the fibers
tested broke szt the jaws.

The tensile tester used was a Scott IP-4 incline-plane
Serigraph, a constant rate-of-loading instrument. In
hysteresis tests (at 10 lbs. total load), a rate of loading
of 0.6 1bs. per second was used; in the bresking test, a rate
of loeding of 1.5 1bs. per second wag used.

The tester was modifled such that a small trough extended
between the two Jaws, with = water lnlef near dne jaw (such
that when the plane became inclined, the water poured from
the upper jaw). Thus, the fiber, when clamped between the
Jaws, was held in the trough, but not touchlng the trough at
any noint. A slow stream of water poured down the trough
during the test, keening the previously soszked flber wet.

The tester autometlcally recorded the load-stretch curve,
giving stretch directly; the load at any polnt could be cal-
culated, knowing the losd on the carriage of the lnstrument.
When the fiber runtured, a sharp break occurred in the load-
stretch curve, and the bresking load corresponding to this
point on the load aXls wag calculated.

The tanning materisls used for tanning the filbers,
quebracho, wattle, and chrome, were all commercially available

tenning materlals. The chrome wae the commerclal product

known os Tenolin R, a sugar-reduced chromium complex, known
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as one-third basic chrome sulfete.

It was desired %o put =2 large side chain in the vrotein

o

molecule. Sanger (ZU) has sugrested the usefulness of

2, l_dinitrofluorobenzene (DNFB) ag a protein reactant. A
major advantage of thig meterial 1s that the reasction with
proteln occurs at room temperature.

The DNFB wes prepared by a probedure analogous to the
preparation of 2,4-dinitrochlorobenzene (15). 180 ml. of
fuming nitric acid (gn. gr. 1.5) were mixed with 57 ml. of
concentrated sulfuric scid (sp. gr. 1.&4), 1in a three-necked
1iter rounc bottom flask 1n on ilce-galt bath. 96 grems of
fluorobenzene were placed 1n z drooplng funnel, and added
dropwise to the cooled acid mixture. A mechanlcal stirrer

kept the mixture well mixed. The fluorobenzene was added
dropwice so that the tempersture of the mlxture woull De
below 5°C. After the fluorobenzene had been completely added,
the temperature was ralilsed to 5-.10°C., and maintained there
with etirring for one hour. Then the temperature was ralged
to 50°C., and maintained for an hour with stirring. 195 ul.
of concentrated sulfuric acld (sp. gr. 1.84%) were then added
dropowigse. The mixture was finally heated to 115°C., and held
there for one hour, with stirring. The mixture was cooled

and then poured into a beaker containing cracked ice. The

DNFB crystallized out. After standing overnight, the mlxture
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was qulckly filtered with suction, end wsehed well with cold
water, The precipitate wasg dlegolved in benzene, and anhydrous
sodlum sulfate was added to delydrate the solution. The
benzene solution was sepasrated from the sodium sulfate layer,
and the benzene evaporated off on the gteam bath. The remain-
ing benzene was dietilled off under vacuua.

The DNFB wss then fractlionsted by dilstillation in vacuo.

Melting noint 26-27°C. (Uncorr.). Proof of the identity of

3

the compound was made by a nltrogen analysls, (using gluccse

to reduce the nitro groups), and refluxing wlith sodium carbonate

to produce the dinitrophenol., Thils derivative melted at 111~

114°C¢. + the 11 " e P o 1 ) 3 1og

11 .; the literature value for 2,4-dlnitrophenol is 114-C.
Dinitroohenyl derivetives of geveral amino a2clds were

orepared in order to study the reaction, and Sanger's (3lL)

postulated reactlon was confirmed by nitrogen analyses. Sanger

believes that this resction occurs

odium bicarbonate .n amount eau 0 concentration
Sodium bicarbon (in unt eaquivelent to the entrati

e

of the HF expected to he ylelded) is nresent in the solution,
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to neutralize the HF,

Since the collezgen used in this investigatlion was unlimed,
it was of interest to see if DINFB would react with amide groups
Dinitrophenvl-asnaragine was prepared, and nitrogen analyses
confirmed that the amlde grown does react.

In the resction of DNFB with collsgen, 25 of the fibers™
were soaked in two liters of & soluftion of 10 g. of sodium
blcaerbonate. They were then placed in a cylinder contalining
600 ml. of water, and 0.76 g. of sodlum blcarbonate was added,
followed by the addition of & solution of 1.5 g. DNFB in 50

ml. of acetone. The reaction was gilven gentle stirring by a
magnetic stirrer, and was allowed to proceed for three and
one-half hours (when the evolution of no more carbon dioxide
bubbles was observed). The fibers were then sosked in an
agueous acetone solution, then in water, and were then put in

a chamber of 100 ner cent relstive humidity.

For the purpose of Introducing a cross-link in the protein
fiber, hevamethylenedligocyanate wasg rescted with cgome fibers.
The materiasl was obtained from the DuPont de Nemours and Co.,
and was redistilled in vecuo. The fibers were dehydreced
through ascetone into anhydrous ether. 0.7 g. of the redistilled

o

e weight of 25 air-dry fibere 1lg aonroximately 1.8 g. in
all cases.
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diisocyanate, in sufficlent ether to dissolve 1t, was added
to the cylinder containing 600 ml. of ether and the fibers.
The resctlon proceeded with gentle stirring (with = megnetic
stirrer) for five hours. The fibers were then wet back
through scetone, squeous acetone, and finally into water, be-
fore they were carried through testing.

As will be shown later, thig attemot to introduce s
covalent cross-link with dilsocranate was unsuccessful, con-
firming the conclusions of Hoerr and Hees (32). They clalm
that dilsocysnate does not crose-~-link collagen.

In snother attempt to cross-link the protein, mercuric
acetate was used, Speekmen (%0,L0) has claimed that "the
most effective cross-linking agent for animal fibers is mer-
curlc acetate. Amino, guanide, carboxyl and, nossibly, imino
grouns are lnvolved in crogs-linkage Tformation..." The fibers
to be treated with the mercurlc acetate were sogked overnight
in one liter of a solutlion O0.1M with respect to sodlum acetate
and 0.1M with respect to acetic acid. Then 300 ml. of a solu~
tlon 0.1M with respect to codium acetete, 0.1M wlth respect
to acetlic acid, and 0.2M with resnect to mercurlc acetate,
was odded, in 50 ml. portlons, over a period of 7 hours. The
fibers were then sosked in geveral changes of a solution 0.1M
with respect to sodlum scetate and 0.1M with respect to acetle

acld. Following thig, thev were soasked 1in several changes of
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distilled water, ané then carrled through the routine processes,
previously mentioned, before testing.

)

The tannsges were carried out in either of two general
procedures. In order to obtein s lesser smount of combined
tannin, & rocker-tyne avparstus was used, For tannages where
it was desired to obtain a higher degree of combined tannin,

a drum-ftype tennage was used., The flbers end tanning meterlals
were put in a test tube, which was slowly rotated.

In the rocker-type tannsge, the flbers were sgirung on a
frame, snd thles frame was dinped up and down in a battery Jar.
In order to keep solution to protein ratlo low, sozked hide
powder was =2dded to this type of tannage, in en smount suffi-
clent to maintein eponroximstely a 1C to 1 solution to protein

ratio (the dry welght of the fibers was approximstely 1.8

]

grams) .

T

In chrome tannaze A, 25 cvrams of Tanollin R were dlssolved
in 400 ml. of water, and adéed to the rocker-tyve tanning bath
in Y equal portions, twenty minutes apart. The rocking was
continued for a total of 24 hours; the fibers were then nro-
cessed for testing.

In chrome tannage B, the fibers were plckled 1n a solutlon
of 5 per cent NaCl, brought to nH 2 with HzSC,. 10 g. of
Tenolin R were dissolved in 250 ml. of water, and adjusted to
pH 2.5 with HzS0.. A drum-type tannage was glven the fibers;

50 ml. of water and 5 ml. of the tannin solution were put in
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the "drum", and three more 5 ml. portions of the chrome tanning
gsolution were aodded at half-hour intervals. Several hours
later, in the evening, 5 ml. more of the solutlon were sdded,

5 ml. more the followlnge morning, and 5 ml. more that evenlng.
The following afterncon, two deve afier the start of the tan-
ngge, 10 ml. more were added, and the solution allowed to sit
in the test tube, without drumming, for another day. The
solution was neutralized to pH 3.8 with borax, and then pro-
cessed for testing.

In the rocker-type vegetable htannage (quebracho), 2 total
of 7% gramsg of dquebracho was added, over a period of two days,
to the tanning bath. This was somewhat over 100 per cent of
the amount of wet pnrotein (fibers and hide powder), but the

hide powder appeared to take up most of the tannin., The tan-

ning was carried out in 0.1M scetate buffer, adjlusted to
pH L.o9,

In the drum-type tannage (wattle), the fibers were soaked
over-night in 2 solution of 5 grams of wattle in one liter of
water, de-tanned with hide powder, according to the A.L.C.A.

amounts of wattle solu-

¥]

P

~3

ain

83

tanning analysis method. Incres

7
18

tion (about 30 per cent wattle) were added till 2% ml. of the
solution had been added to the originsl de-tanned solution,
over a perlod of one week. The volume was kept =2t sabout 50 ml.
(A11 wattle solutions were in 0.1M acetats buffer, at oE 5.0).

The outsides of the fibers were then bleached slightly by
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soaking in a one-half ver cent sodium blcarbonate solution

for one hour. The fibers were then drummed for flve more days
in a solution of about 12 per cent wattle. The pH of the tan-

ning solution was then lowered to 4.0, and the drummlng con-
inued for four deys more. The tenning wae then discontinued,

and the fibers carried through pre-tegting processes, and then
tested.

In soaking the vegetable tanned fibers orior to testlng,
water was not used, because of the bleeding effect. Instead,
they were kept wet 1in a 0.5 per cent adqueous solution of the
vegetable tannin.. In drying the fibers prior to welghing,
they were not sosked in acetone, but rather were air dried
for several days prior to oven-drying them.

The rocker-type tannage was used for the formaldehyde

tannsge. 2500 ml. of a 0.1M aolution of NaepHPO, were brought

X

to pH &.0, and the hilde powder and fibers soasked 1in this
golution. A total of 3L groms of commerclsl formalin were
sdded in € portions at intervals of one-helf hour. The rock-
ing was contlnued Tor a totsl of 24 hours.

All analytical methods not otherwise noted are those of
the A.L.C.A. The analycls for chromium wes carried out by a
mlcro-modification of the Provisiocnel A.L.C.A. method. The
1ipié snalyses were carried out by the A.L.C.A. method, but
with 5 g. samples of ground tendon, and a2 chloroforam extraction

netroleum ether extracticn. The zsh

was done rather than

jan)
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wag determined on the chloroform-extracted material.

Semples prevared for anslysle of chromium, nltrogen,
etc., were dried by heating in an oven ot 75°C. for 1% hours
ln vacuum.

The statistical methods a8 descrlbed by Deming and Birge
(16), Hoel (25) 2nd Snececor (%&) were used in interpreting
the resulte. Any results which came from fibers that pulled
from the lead holder, rather thaon breakling, or broke at an
obviously weegk spot, or for cnry other known reason were

obviously incorrect, were dilgregarded in the final comnutations.

0.!

The srithmetic mean of the individual values vas computed,
The varilance ané stancerd deviatlon were also computed, and
the F teet apoplied to test the assumptlon that the varilances
were egual. BStudent's test wos applied to indicate the level
of significance of the assumption that oﬁenicaliv treated
tendons were different from untreated
To demonstrate the identlity of the tendong from Armour
Lakoratories, and from Ethlcon, 2 number of fibers from each

£

gource were procesgged for testing, and broken, and the results
calculated. As will be shown in the discusslon of results,
thege flbers are from the ssme npopulatlon., They were there-

rether, and the cumulatlve average used for

Hy
6]
Qo
<
0]
2]
i3]
2
o
jol}
ct
O

statlstlical comparison with tresated filbers,
Shrinksge temperatures were obtalned with an apparatus

egsentlally the same as The Thelg SBhrinksge Meter, modified
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to hold fibers. Water was used as the shrinkage medium in

esch case,
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DISCUSSION OF RESULTS

It has previcusly been polnted out that workers using
the technigue of wet tension testing on keratin filbers have
placed congiderable emphaslis on the stretch and hysteresis
characteristice of the fibers. It was attempted to use these
charecteristics as one criterion of changes in collagen fibers
due to chemical treatment. However, collasgen has such a low
atretch that very 11ttle hysteresgls 1s shown by these tendon
fiberg. The error of measurements of these smallﬂhysteresis
loops" is so great thet 1t wes deemed inadvisable to base
chemicsl treatment.

To demonstrste the identity of the tendonsg from the two
gources (Armour and BEthicon), the mean bresking length of

randomly selected fibers from each source were compared (see

]

Toble I). The two grouns of Armour fibers each gave the same

jt

mean bresking length, 24.4 km. The Ethicon flbers gave a mean

7y

breaking length of 25.% km. Statistlcally, these must be

from the seme ponulastion (by use of Student'e "t" test).

S

Therefore, all data for untanned filbers were averaged together,
giving a mean of 24.7 km. The comparisons of the meen bresk-
ing lengths of chemically trested flbers were made wlth this

figure {24.7 km.). The cumulative standard deviation of the
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untanned fibers was calculzted from the followlng formula:

gum of squores of devistlons

8" oun = \
total number of sampleg - number of groups

162.94 + 251,71 + 160,64
18 + 20 + 20 - %

= 205.29

= 10.46

where sacum ig the cumulstive varisnce (the square of the

cumulative standard devistion).

TABLE I

COMPARISON OF TENDON FIBERS FROM ARMOUR AND ETHICON

Fiber Group n MBL s4* g® s
Armour A 18 2k, L 162,94 9.5% 3.1
Armour B 20 ol U 251,71 1%.25 3.6
Ethicon 20 5.2 160.6 8.37 2.9
Cumulative & 24,7 575.29 10.47 2.2
2
(S

variance = s? = z_SS.‘_____ c?:: deviatlon, and 25 = gum of

n - 1 saqueres of

devlations.

standard deviation = s = gquare root of varlance.

MBL = Meen Breaking Length, in kilometers.
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TABLE IT

LIPID AND ASH ANALYSIS OF SALT-EXTRACTE

ARMOUR AND ETHICON FIBERS

Per Cent Per Cent
Fiber type Chloroform Lxtract Ashi
Armour 0.29 0.10
0.3%0 0.13
Ethlcon 0.17 0.0L
0.17 0.04

The data for the individuel tenslle strengths are given
in a serles of tables in the Appendix., The summation of the
date on tensile strengths, and on hide substance (per cent
nitrogen % 5.62), and for shrinkage tempersture are given in

Table III.

i

)

The teet, which tests the assumptlon that the varlances
are equal, was not satisfled in the case of the formslcehyde
and wattle trested fibers. From this, it can deflnltely be
stated that these fibers sre from different populetions. But
the difference might be due %o either the difference in
variance, or %o the difference in the mean. Intultively, 1t
would not seem posgeible to ascribe the dissimllarity between
the wattle tenned and the untanned flbers as due to the 4if-
ference in the means, inasmuch as they differ by only one
kilometer. The difference would therefore seem to be due to

the difference in varilances, and nc significance could be
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attached to the assumptlion thet wattle tannsge decreases the
strength of collagen flbers sonrecisbly. However, there is
no increase in wet strength due to wattle tannage.

In the caose of the formsldehyde treated flbers, however,
the difference 1n meons (between the tonned and unﬁanned

fibers) was so great that it can be stated intultlvely that

jgv]

the difference is highly significent. Further, 1f The
coefficlents of variation, i.e. the ratio of varlance to
arithmetic mean, are comnored, the F test ls satlsfled, and

the "t" test shows a2 hilgh degree of sglgnificance to the assump-
tion thet the means are different. Since the variance would
reasonably be expected to be a function of the mean, 1t seems
falr to use this coefflclent 5f varistlion in such cases.

In the casge of the érum-type chrome tennage (7.6 per cent
Crz05), with a2 mean bresking length of 22.0 km., whlle the
result is shown to be highly significant, the increase in
mean bresking length over the rocker-type tannage (1.8 per
cent Crz0s) (19.% km.) 1s difficult to explain. Comparing
Compton's (1) data on air-dry strength with these cata, 1t
would seem that the chrome tannage with the high chrpme level
1s more hydrophoblc then the other chrome tannage end the un-
tanned fibers. Thils would meen that less swelllng would occur,

and therefore that dry testing 1s helng 2pprosched. If this

argument is correct, 1t would be likely, therefore, that the

true wet strencth of the 7.5 ner cent chrome tannage would be
— BN E)
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legs then the reported figure.

This same asrgument would seem applicable to the compari-
son of the twe vegetsble tannages -- wattle and quebracho.
There 1s a complicating factor, here, in that there are two
different tanning meterisls, and information is not available
on which to assess the dlfference in strengths that might be
attributed to such a difference in tannlng meterials.

In the case of all tsnnages, there is a decrease in
gstrength due to tannage. The formeldehyde tregtment gives the
lowest wet strength, which 1gs similer to Compton's (14) cata
on dry strength. The extent of thls decrease 1s dlfficult to
explain on the basls of side-chaln insctivation as suggested
by Highberger (24). The decresse might nossibly be explalned,
hdwever, if resction at penticde bonds, with regultant breaking
of peptilde hydrogen bonds, occurred.

The mean breaklng 1engthg shown are not corrected for
hide substance decrease due to dilution caused by treatment.
Were this to be done, 1t would show some lncrease in wet
strength over the untenned fibers in the case cf the drum-
type chrome (i.e. 7.6 per cent Crp0s) and wattle tennages.

It hae been previously argued Hnt these filgures are unduly
high due to the increase 1in hydro phoblclity; therefore such an
inerease in hide-sgsubetance-corrected values would be an
artifact.

Without regard to the effect of this correction in the
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case of these two tannages, the vesegon for not meking fthis
correction 1s more fundementel. The mean bresklng lengths
reported are those for the system studied, and the correction
would give sn artificiel estimste of the strength of the
system.

To restate the hypothesis on which thls investlgatlon
ig based: If there is an increazse in the number of inter-chain
linkages {(hydrogen bonds »nd/or covalent linkasges) due %o
chemical treatment, the wet strength of the treated flbers
will he greater than the untreated fibers. If there ls a
decrease 1n these linkesges, the wet strength of the treated
fivers will be lesser than the untreated fibers.

On the boels of this hypothesls, 1t cen be stated that
the results shown in Table III, for chrome, vegetable, and
formaléehyde tannages, indlcate that there ls a decresse in
inter-chain linksges. These dota 2nd the concluslons there-
from sre inconsistent with the covalent cross-linkage hyovo-
thesls of tannsge. The method presents a more clear-cut
‘method for interpreting the changes 1n forces due To tannage
than has heretofore been possible. The results of this in-
vestigation reguire, therefore, that the cross-linkage hypo-
thesls of tannage be dlsregerded, or that 1t be re-exemined
and re-interpreted. It ls to be noted, however, thet these

regults are consistent with the mechanlem of tannage advanced

by Tu (43).
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n the strictly chemical trestments, 1.e. the slide-cheln
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resction and the cross-linking reactlon, 1t 1s evident from
the data that hexamethylenedlilsocvanate does nct cross-link,
because the wet strength of these fibers is not greater than
the untanned ribers Ags previously mentloned, this conflrms
the statement by Noerr and Hees (32) that cross-linkage of
collazen does not occur due to the actlon of dlisocyanate

Ae shown in Table 11*; mercuric scetate caused an 1n-
cresse 1n the wet strength of the collagen fibers. Therefore,
1t must have cross-bridged the fibers, In further work, 1t
was demonstrated qualitetively that more cross-linking by
mercuric azcetate could be obtained, and therefore a greater

inerease could be obtsined., This would result in flbers

G)

strongér then the tengile tester could dresk, and for Thal
reason no further data on mercurlc scetate treatment can be
reported.

The gilde-chaln rescction, with DNFB, glves a slight de-
crease in the wet strength of the fivers., The flbers were
soft and supole, and it ls not likely that they represented

& hvdrophobic nrotein. The explanatlon of thls slight de-
crease may lle in the posslbillty that the effect of salt
bridges ig not completely lost in wet testing, but this does
not seem likely. DUFB does not react with the peptlde link,
and thus could not bresk hydrogen bonds directly. It is

»

possible, however, that this bulky slce-chaln might lessen
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close-packlng of the chains, =nd therefore bresk a few hydrogen
bonds. The significent fector, however, nrobably lies not in
the reasons why DNFB gave a slight decrease to the fibers'

wet strength, but ratiier to the fact that no lnereasse in wet

strength was schown,
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AN

SUMMARY

1. A review is nrecented on the theoretical background
for a %technigue 2llowinz interpretation of changes in the
stronger forces hetween proteln fibers due to chemical treat-
ment.

2. A technicue is deccribed for measuring the mean
bresking lengths (tensile etrength) of collagen fiber aggzregstes.

%, A method for the prepsration of 2,U-dinitrofluoro-
benzene is described.

L, Date are presented to show that tennage decreases
the wet strength of collegen filber aggregates. Internretation
of the data shows that tennece does not Introduce covalent
eross-linksges into the fiber. Thus, the cross-linking theory
of tannage must be re-examined or discarded to be consistent
with thesge date and thelr internretations.

5. It ie shown thet a glde-chaln reactlon does not
increase the wet strength of these flbers. Mercurlc acetate

le demonstrated to introduce cross-linkagzes 1nto the fiber,

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



(&)
(2)
(10)
(11)

(12)

(13)
(14)
(15)

(16)

(17)

- bo -~

BIBLIOGRAPHY

Astbury, W. T., "Colloild Asnects of Textile Materials",
The Faraday Soclety, London, 193%2. . 193.

Astbury, W. T., Cold Soring Harbor Symposle on Juant.
Biol. 2, 15, 193L.

r‘\:j;'a

4w
O et

u;v, W. T., C. R. Leb. Cerlsberg, Ser. Chim., 22, U5
&

ARy

Astbury, W. T., J. Intern. Soc. Leather Trades Chem., 24,

69 (1940).
Agtbury, W. T., and Bell, F. O., Nature, 1U47, 696 (1941).

Astbury, W. T., and Street, A., Phil. Trans. Roy. Soc.,
2304, 75 (1931).

Agtbury, W. T.,
2324, 333 (1933).

Baernstein, E. D., J. Blol. Chem., &9, 125 (1930).

and Woods, H. J., Phil. Trans. Roy. Soec.,

Bear, R, $., J. Am. Chem. Soc., 64, 727 (1942),
Bear, R. 8., J. Am. Chem. Soc., 66, 1297 (1L9ik).

Bergman, M., and Niemann, C., J. Blol., Chem., 115, 77

(1936).

Bergmann, M., and Stein, W. M., J. Biol. Chem., 128, 217

(1929).
Bowes, J. H., Ann. Rep. Aponl. Chem., 28, 324 (1943)

0

Compton, E. D., J. A.L.C.A., 4L, 140 (19L49).

Cumming, W. M., Hopper, I. V., and Iheeler, T. 8.,
"SVnt”MrblC Orgqnlc Chemiutrv“ Congtable and Co., Ltd.,
LOthﬂ lq D 90[‘.

Deming, W. F., and Birge, R. T., Rev. Modern Physics, 6,
119 (1934).

Farrant, J. L., Rees

A, L, G,, and Mercer, E, H,,
Neture, 159, 535 (1947).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 1.

(1) Geiger, W. B., Kobayashi, T, and Harris, M., J. Res.
Nat. Buresu Stand., 29, 7¢1 leﬁ

(19) Hegll, C. E., Jakus, i, A znd Schmltt, F. 0., J. Am.
Chem. Soc., o, 12)L (19L2).

(20) Harrie, M., nersonal communication.

(21) Harris, M., "Advancin{ Fronts in Chemistry", Vol. I,
Twiss, S. B., Editor. Relnhold Publishing Corp., New
York, 1945, Ch. 10.

(P2) Harris, M., Mizell, L. R., 2ad Fourt, L., Ind. Eng. Chem.,
L, &33 10Mp)

Symposium of the Soclety.

(23) Harris, M., and Brown, A, ,
C brous Proteins", 1946, and
)

L ]
of Dyers and Colourists, "%
Text. Res. J., 17, 323 (1947

(24) Highberger, J. H., J. A.L.C.A., 42, 4oz (1947).

(25) Hoel, P. G., "Introductlon to Mathematlcal Statlestics",
Wiley sand Sons, New York, 1947. w»n. 1LY et seq.
(26) Fuggline, M. L., Chem. Rev., 32, 195 (1943).

(27) Jordan Lloyd, D., and Garrod, M., Trans. Faraday Soc.,

B, L (1943).

(28) Mark, H., "Physical Chemlstry of High Polymeric Systems",
Intersclence Publishers, Inc., New York, 1940. p. 95.

(P9) Mark, H., "Advanclung Fronts in Chemlstry", Vol. I, Twilss,
8. B., Zditor. Relinhold Fublishing Corp., New York,
1945,  Cn. 1.

(20) McLsughlin, G. D., and Thele, E. R., "The Chemistry of
cather Manufsecture", A, C. S. MonOﬁraoh Series.
Reinhcld Publishing Coro., New York, 1945, Ch. 3.

(%31) VNeuman, R. E., personal communilcatlon.

(32) ?oefr ., and Fees, W., Collocuiumsberichte, 2, 3
194d). -

(33) Rice, F. 0., and Teller, E., "The Structure of lMatter",
and Sons, New York, 1949, p. 67 et seq.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



- 42 -

(34) Senger, F., Biochem. J., 13: 507 (194%).

(25) Schmitt, F. 0., Hall, C. E,, end Jekxus, M. A., J. Cell.
Comp. Physicl., 20, 11 (1942).

(36) Schmitt, F. O., and Denues, A. R. T., "Physlcal Properties
of Protoplasm", Ann. Reviews of Physiol., Vol. 10,
Hall, V. E., Crimson, J. M., and Glese, A. C., Editors.
Annusl Reviews, Inc,a and Americen Physiologlcal Soclety,
Stanford, Calif., 194%,

(37) ?$§§%§t, F. 0., eand Oross, J., J. A.L.C.A., 43, 654

(38) Snedecor, G. W., "Statleticsl Methode", Uth Ed., Iowa
State College Press, &mes. 1946, :

(39) Spesgkumen, J. B., J. Text. Inet., 38, T102 (1947).

(40) Speskman, J. B.,
35, 246 (1939).

)

né Coke, C., E., Trans. Faraday Soc.,

il

(41) Stubbings, R.L., and Thels, E, R,, 44, 172 (1949),

vl

(42) Theis, E. R.,, J. Biol. Chem., 154, £7 (194L).

(4%) Tu, S. T., Ph. D. Thesis, June, 194%, University of
Cincinnatl.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



APPENDIX

UN-TANNED ARMOUR FIBERS

Group A
Length, Weight, Breaking Mean Breaking
in cm. in gms. Load, 1bs. Length, Km.
- 13,0 .ollo 15.7 21.3
1%.0 . 0455 18,2 23.6
1%.0 .0U31 17.0 £3.3
1%.6 L0661 22.0 20.5
13.3% .olslt 10 7 26.1
1%.5 o;eo .5 27.7
1§.o 354 6 1 26.8
15.8 ohge N o8 . &
13,7 ouué 18.6 £5.9
1%.8 .0250 11.0 27.6
12.3 .0168 s.é 28.6
8.7 0550 21.5 2u.3
12.L 0506 21,2 23,6
13.4 .0 25 17 5 19.9
13,4 .0410 1%.0 19.6
12.7 L0371 14,7 22.9
1%.1 . 0507 2oL 26.3
1%.1 0%93 15.8 23%.9
Number of samples - 1&
Arithmetic mean - ohlh
Varlance - 9.5
Standard deviation - 3.1
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DABLE V

UN-TANNED ARMOUR FIBERS

Group B
Length, Weight, Bregking Mean Breaking
in cm. in gnms. Load, 1lbs. Length, Km.
1%.5 L0361 15.2 25.8
11.6 .0388 19.2 26.1
12.1 ﬁeu 15.3 19.4
13.0 ; 12.4L 20.7
12.3 L52 21.6 26.1
12.ﬁ ;Le 16.7 21.3
13,1 .0571 19.4 20.6
1%.6 .0%11 1%.0 25.8
12.7 L0297 13.2 26.2
12.3 0515 n2, o4.3
12.8 5 19.2 20, 6
12.7% o¢¢1 18.7 °5. 1
1%.0 ﬁ 1%, 4 21.
1%.2 : 15.5 21.6
12.3 0501 22.5 25.1
12.4 ? 23.5 30.2
134 026¢ 14.0 32.2
12.& .03E2 18.2 27.7
12.9 oﬁéo 20,5 28.1
13.1 0437 14.0 19.1

Number of samples - 20

Arithmetlic mean - Pl
Variance - 13.2
Standard deviation - 3.6
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APPENDIX
TABLE VI

UN-TANNED ETHICON FIBERS

Length, Weight, Breaking Mean Breaking
in cm. in gms. Losd, 1bs. Length, Xm.
12.5 .OL66 17.2 20.9
11.9 .cloy 20.6 27.%
12.1 .0453 02.6 27.0
11.5 .0l40 17.2 22.2
12.2 .ouhy 2%.6 29.2
12.% .0363 15.1 23.2
12.1 .OL67 el 2.8
12.2 L0264 11.5 31,4
11.9 . 0505 oL, 0o 25.7
11.8 .029L 12.2 - 22.7
11.9 .ol4o7 2%, o5.4
11.0 .o;gg 17.3 o614
12.6 .0l33 1%, Pk,
11.7 .0525 25.0 22.3
12. L0340 15.7 25.8
12.4 .0272 12.2 25.2
12.1 .0569 23.0 2.2
11.3 .oLko 22.5 26.1
9.5 . 0269 17.4 2g.5
9.0 - .0358 18.6 21.2

Number of samples -
LArithmetic mean -

n2 N
T O

Variance - Z.47
Standard deviation - 2.9
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APPENDIX
TABLE VII
CHROME TANNED ARMOUR FIBERS

Rocker-Type Tannage

Length, Weight, Breaking Mean Breaking
in cm. in gms. Load, 1lbs. Length, Km.
13.L4 .oz 1%L 184
0.4 L0312 11.8 21.3
12.2 .0535 20.2 20.9
12.5 L0582 20, L 19.9
13,0 .okal 12.7 15.7
12.8 oLl 17.7 22.9
12.¢ . 060k 18.2 17.5
12.7 L0610 27.8 22.5
12,4 L0622 2%.2 21.0
1%.0 .0501 15,0 17.7
12.7 L0495 15.7 1h.g
12.8 .0380 14,0 21
12.2 .o;71 14.5 21.7
12.9 .0lL30 12.8 17.6
13,6 L0552 16.2 14.1
12.6 .0?79 15.0 22.6
13.3 .olo7 15.6 19.0
%.0 L0528 17.1 19.1
12.6 L0549 17.5 14.2
12.3 .0226 21.1 22.2
12.6 .olgh 14.2 17.6
12.L .0hg0 21. 25.1

Number of samples - 272
Arithmetic mean - 19.¢8
Varisnce - 6.64
Standard deviation - 2.6
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APPENDIX
TABLE VIIT

CHROME TANNED ARMOUR FIBERS

Drum-Tyne Tannage

Length, Weight, Breaking Mean Breaking
in cm. in gms. Load, 1lbs. Length, Km.
13. .olgs 16.5 20.8
13. L0616 eg.o 22.7
11.7 .0610 1.0 12.2
1%.2 L0676 2%.3 20.7
13.1 . 0625 2% .8 20.6
12.9 .068% 20.0 17.1
12.1 .06%8 2.5 °1.1
12.7 .okl 16.4 19.3
13.5 .0560 17.0 18.6
12.2 .0%61 19.5 29.3
13.4 .0;74 15.6 25.
12.4 .0llgg 19.8 22.3
12.6 .0339 22, 2%.9
13.3 .o,gi 21.0 26.2
14,0 .ol 20.0 gg.g
13.5 .0700 23,1 .
1%2.2 L0583 16.9 17.3
11.5 .027% 12.9 Pl 6
12.6 ,olu72 20,2 26.9
12.3 .0L78 20. 1 23.¢
1%.2 . 0560 12.9 20.2

Wumber of samples -~ 21

Arithmetic mean - 22.0
Variance - 17.3%2
Standard deviation - 4.2
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APPENDIX
TABLE IX

QUEBRACHO TANNED ARMOUR FIBERS

Rocker-Type Tannage

Length, Welght, Bresking Mean Breaking
in cm. in gnms. Load, 1bs. Length, Km.
13.1 11.8 19.0
1%.6 ﬁ 12.1 15.9
12.2 o+qo 20.2 22.8
12.2 } 1%2.7 02.8
13.2 olés 12.2 15.7
13.2 06(3 14.7 17.3
P .0655 22,5 20.9
12.8 .0553 21.5 22.5
3.5 .0638 21.¢% 20.9
12.7 .0570 19.1 19.3
12.8 L0677 17.0 15.0
12.8 0498 19.6 20.8
12.9 ObjO 18,2 20.1
13.1 Z 1.0 22k
1%.3 .0lob 1.5 21.6
1%.0 . 0500 15.0 17.7
13.1 .0516 2.8 26.3
13.2 .0lzg Z.3 11.7
12.6 .053L 19.5 20.9
12.3 L0553 19.% 20.0
12.6 L0556 18.5 19.1
12.5 oli11 12.4 17.4

Number of samples - 22
Arithmetic mean - 19.56
Variarnce - 9.58
Standard deviation - 3.1
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APPENDIX
TABLE X
WATTLE TANNED ETHICON FIBERS

~ Urum-Type Tannage

Length, Welght, Breaking ilean Bresking
in cm. in gms, Load, 1bs. Length, ¥m,
11.2 .0383 oL, 2 31.7
12.8 .o?gz 1%.5 14,7
11.9 Lol 18.7 22.9
10.7 .05k CehLs 22.0
12.6 . 0340 16.1 az.i
12.1 .C3 22.3 32.

2.1 .oézg 1%.5 16.3
13.0 .04329 19.2 25.8
12.9 L0438 25.0 33,4
13.3% L0636 19.9 18.9
12.5 .Cl68 17%.0 15.7

Number of samples - 1
Arithmetic mean
Variance - L7.09
Stenderd deviation - 6.9

i

N
Wl

~
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APPENDIX
TABLE XI
FORMALDEHYDE TANNED ARMOUR FIBERS

Rocker-Type Tannage

Length, Welght, Breakilng Mean Breaking
in cm. in gms. Load, 1bs. Length, Km,
13.0 Lohah 4.6 6.6
12.5 .ol 2.9 7.9
12.7% 037 .2 9.
12.0 oliog 5.0 6.3
12.5 .0247 L.g 2.1
12.3 QUL 4.9 5.2
11.6 .ohld 7.8 9.3
1%.0 L0512 7.5 2.7
12.7 .0305 5.8 11.0
11.¢ .0309 ) &,7
12.4 .olihg 5.3 6.7
12k .057 7. 7.2
12.7 .olp A.E 6.2
12.9 .0555 gl £€.9
12.0 L0545 9.0 9.0
12.4 .0602 6.9 6.5
12.3 L0351 L.k 7.1
1%.0 .0630 7.5 7.0
12.9 . 0504 6.3 7.3
12.7 .olto1 7.4 9.2
12.7 .0396 4.8 7.0
12.0 .olLgg 6.9 7.7

Number of samples - 22
Arithmetic mean - 7.8
Variance - 1.66
Standard devistion - 1.3
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APPENDIX
IABLE XII

2, ~DINITROFLUOROBENZENE-TREATED ARMOUR FIBERS

Length, Welght, Bresking Mean Breaking
in cm, in gms. Load, 1lbs, Length, Km.
11.8 .ohlLg 18.4 21.9
1%.3 .0%70 12.L 20.2
12.3 .0352 12.7 20.2
13.1 .0520 2z 25.6
12.4 L0504 20.3% 22.7
12.4 .0500 21.0 23.6
12.6 .OLg7 19.3 °2.7
12.9 Lolsh 19.5 25.1
12.6 L0427 16.0 2l.
11.8 .0397 14.5 25.0
12.4 .0257 15.8 16.0
12.9 031 12.5 °5.2
12.8 .0580 21.0 21.0
12.6 .0%13 1%.5 oun.7
13.9 L0631 ol 1 o4 .1
12.9 L0302 4.8 25.3%
12.8 L0276 2.5 21.5
1%.0 L0572 £2%.2 24,0
Number of samples - 18&
Arithmetic mean - 22.8
Variance - 5.90

Standard deviatlon - 2.4
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APPENDIX
TABLE XITT

HEXAMETHYLENEDIISOCYANATE- TREATED ARMOUR FIBERS

Length, Weight, Breaking Mean Breoking
in cm. in gms. Load, 1bs. Length, Km.
12.4 .oigo 2.4 12,4
12.7 .0466 19.6 ol.2
13.1 .ohgo 18.0 22.7%
12.8 .ohogo 22.7 26.8
12.1 LOUT77 20.0 23.0
12.0 LOhT7h 27,2 26.7
11.8 .0285 15,2 28.6
13.2 L0511 ol 2 og. L
12.4 0587 20.8 21.9
12. 15.7 15.0
12.2 E 16,0 22.0
12.1 ouom 16.4 22.%
13.4 Ouu 17.3 16.3
12,1 3 15.0 26.8
12.6 0 16. & 21.4
12.7 oueo 15.2 20.9
12.2 L0321 16.9 22.9
12.8 .0588 25.0 24,7
Number of samples - 18

Arithmetic mean - 25.2

Variance - 16.75

Standard Deviation - 4.1
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APPENDIX
TABLE XIV
MERCURIC ACETATE TREATED ETHICON FIBERS

Length, Weight, Bresking Mean Breaking
in cm. in gums. Lozd, 1bs. Length, Xm.
13.0 .0530 21.b 23%.8
12.k4 .0375 20.% 31.2
12.8 .o5L2 22.5 Pl.1
12.5 L0276 14,0 &, %
12.7 .0L70 19.0 23 .3
12.6 L0491 3.5 27,1
12.5 L03U2 16.8 27.9
12.0 .029L 1k.0 25.9
12.6 .038L 14,8 22.0
12.2 .050 20.2 22.3
11.6 .029 22U 30.0
12.9 .olho pe.1 29.4
12.0 .OL4l3 ol.2 29.8
11.8 .oko2 20.5 27.4
°.7 . 0465 2L, 5 30,4
Number of samples - 15
Arithmetic mean - 26.9
Variance - 9.67
Standard deviation - 3.1
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