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Studies on the Tensile Strength of the Knot

II. Decrease of the tensile strength of nylon monofilament by the twist*

Katsutaro YamamoTo**

Abstract

The purpose of this study is to solve the mechanism of the tensile strength
of the knot. In a previous paper, we assumed, that the tensile strength decreases
owing to the constriction of the net thread occurring when the knot is tied up, to
the decrease of the sectional area of that place and the stress concentration in the
place, and. we calculated the constrictive area of the tied up circular rod and
compared the values with the experimental ones.

As one reason for this decrease of the tensile strength, the twist at the knot
will be considered. In this paper, we have done some experiments and theoretical
consideration on the decrease of the tensile strength by the twist. The experi-
ments were carried out, using the nylon monofilament No. 150 and No. 100,
changing the number of twists in a certain length by turning a weight hanging at
the end of the monofilament. The tensile strength at each number of twists is
obtained in the following way; by varying the ratio of the flat chuck’s gap (d) to
the initial diameter (D,) of the monofilament, we get a regression curve of tensile
strength with chuck against d/D,, and from this curve we get a value of the tensile
strength at d/Dy=1.

The length of the monofilement becomes shorter, its diameter thicker and
its length of helix longer by the twist. These things mean that the tensile stress
occurs along the helix by the twist, and this tensile stress is given as follows;

D 1
S Gepr o s
% ¢ 2 tane
where, o;’=tensile stress along the helix
G=modulus of rigidity (shear modulus)
¢=twisting angle per unit length of monofilament
6=helix angle
D=diameter of nylon monofilament.
It seems that the breaking of the nylon monofilament occurs when the sum
of the tensile stress along tho helix induced by the tension and the twist reaches

the breaking stress.
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Fig. 1. Stress-strain diagrams of used nylon monofilament No. 150 (left) and No. 100
(right), under conditions with experimental room temperature 12-14°C and humidity
65-70%,
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Fig. 2. Relation between lateral strain and longitudinal strain of used nylon monofilament
No. 150 (left) and No. 100 (right). The gradients of regression lines are 1.95 (left)
and 2.18 (right).
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Fig. 3. Photographs of experimental circumstance. (a) Compression of nylon mono-
filament in the flat chuck to thickness of the iron plate. (b) Stretch of nylon mono-
filament by tensile machine.
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FE R0 FE 100 BZDWT, F v o2l d ROIEKN 22hFNELTTF v » 278N
ERRDIFEES Table 1 TrRd. FADEIR 10 FOREOELBERETT, CHR2EF + v 7R
Table 1. Experimental values of tensile strength (kg) with chuck at N twisted nylon

monofilament by varying ratio of fiat chuck’s gap (d) to initial diameter (D,). Each
value 18 an average of ten measurements. Left column is No. 150 and right column

is No. 100.
No. 150 No. 100
N /D, 4D,
0. 40 ’ 0.50 [ 0.59 ] 0. 69 \ 0.7 | 0.47 | 0.58 | 0.70 ] 0.81
0 56.2 | 68.6 | 74.3 | 82.7 | 9.4 | 49.8 | 55.3 | 66.8 | 76.5
10 60.4 | 66.1 | 77.9 | 84.6 | 95.4 | 48.9 | 542 | 66.6 | T3.5
20 60.3 | 65.6 | 75.3 | 8.0 | 88.0 | 47.6 | 52.8 | 66.1 | TL8
30 57.5 | 68.0 | 7.9 | 78.3 | 80.9 | 50.1 | 53.0 | 64.4 | 66.7
35 54.6 | 648 | 68.7 | 725 | 5.9 | — — — -
40 5.4 | 56.9 | 62.2 | 641 | 68.1 | 47.6 | 49.8 | 548 | 61.1
45 49.9 | 55.4 | 59.2 | 62.4 | 64.4 | 45.7 | 50.6 | 53.7 | 56.3
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Fig. 4. Tensile strength with chuck of each number of twists (V) at various ratio of flat
chuck’s gap (d) to the initial diameter (D,) of nylon monofilament No. 150 (left) and

No. 100 (right).

Dashed lines are the extension of regression curves to d/Dy=1.

Each point is an average of ten measurements.

Table 2. Assumed values of tensile strength
(kg) of each number of twists (N) at
d[Dy=1. Left tolumn is No. 150 and
right column 48 No. 100.

N { No. 150 No. 100
0 117.2 91.8
10 114.6 89.1
20 104.5 87.1
30 97.7 1.5
35 90. 2 —
4 1.8 67.9
4 78.8 6.0

Table 3. Assumed values of tensile strength(kg)
that were obtained from the regression
curve of tensile strength with chuck at
d[Dy=1 against the number of twists

(N). Left column 38 No. 150 and
right column s No. 100.

N No. 150 No. 100

0 117.2 91.8

10 114.3 89.5

20 106.9 84.8

30 95.8 78.2

35 88.8 —

40 81.0 70.2

45 72.5 65.6

H d/Do ZAEEHT & 5> TR L 7:0%8 Fig. 4 T %, RHEE N OF LN THLNIZ 52 (100
Bz o Tid 4 0) O L EREE2 KD, d/Di=1 TTEEL I2EORBMOEY, 7+ » 7OR
BRIV RNEEA SNIED TS AOEDME Fon LHEIN S, TOXSKUTRDIER
b ERIC IS T B IMEEDHER{E% Table 2 iIK5RT, Fig. 5 3 FEIRbERR N %2 5T Fig. ¢ 28
APAT LD TH 2. —BLOEBTRL LERIEHIE d/Do=1 OROBEDHEE Fou 5 5RD
1rbDTH B, CORRMERPS b 5 —~EEHDOWKE Fou ZRODEL 12f% Table 3 KR, Fig. 4,
Fig, 5 TEBREMNFL d/De KB TRHEEOK 22 4 ODOEWHIVEODEL H BKEL Lo
TOBEBNL Ohd 3, COREARDNTER, EREEMPI» oD I0Od», » 50k
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Fig. 5. Tensile strength with chuck of each ratio of flat chuck’s gap (d) to the initial
diameter (D,) of nylon monofilament No. 150 (left) and No. 100 (right) at various
numbers of twists (N). Dashed line are the regression curves that are obtained from
the values at d/D,=1 in TFig. 4.
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Table 4. Values of length (mm) and diameter (mm) of N twisted nylon monofilament
No. 150 at various tensile loads. Each value i3 an average of ten measurements.
Upper column shows length and lower column, diameter.

Tengile load (kg) Assumed
N value at
0 10 20 30 40 50 60 70 80 90 | beraking

L=500.0 | 501.6 | 509.2 | 522.9 : 631.9 | 536.0 | 542.1 | 546.6 | 549.7 | 5564.2 | 562.0
D=2.019 | 2.012 | 1.985 | 1.972 | 1.951 | 1.932 | 1.921 | 1.917 | L.910 | — 1.890

10 498.8 | 503.3 | 516.0 | 526.7 | 5633.7 | 540.4 | 545.4 | 551.2 | 562.7 | 656.7 | 560.6
2.027 | 2.005 | 1.983 | 1.971 | 1.956 | 1.944 | 1.936 | 1.930 | 1.918 | 1.913 | 1.89%

493.9 | 495.4 | 509.9 | 522.0 | 531.9 | 535.9 | 539.8 | 544.3 | 546.3 | 550.9 | 555. 4

o

20 2.040 | 2.024 | 2.001 | 1.975 | 1.966 | 1.956 | 1.947 | 1.939 | 1.931 | 1.922 | 1.910
30 484.4 | 487.8 | BO1.4 | 511.5 | 523.4 | 528.0 | 533.8 | 536.7 | 641.6 | 545.7 | 547.4
2.061 | 2.052 | 2.023 | 2.004 | 1.980 | 1,970 | 1.960 | 1.951 | 1.938 | 1.933 | 1.923
35 477.6 | — |498.1| — |b19.9|0526.4 | 528.2 | 533.9 | 5640.6 { — 542.1
2.069| — 12021 — |1981)1.971)1.961)1.953)1,941| — 1.936
m 469.3 | — 14911 — | 512.9 — | 623.0f — - - 532.2
2.004| — |2.040| — |L9T7T| — j1979| — - - 1. 957
45 450.6 | 466.0 | 478.4 | 498.2 | 607.4 | 511.8 | 520.T — - - 524.9
2.114 | 2.004 | 2.068 | 2.020 | 2.008 | 1.994 | 1.984 | — - - 1. 967

L: length  D: diameter
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Number of twists(N) Tensile foad in kg.

Fig. 6. Change in length of the twisted nylon monofilament No. 150 during the stretching

process (right), length at only twist before stretch and assumed length at breaking

tensile load (left). Where o: (N==0), «: (10), a: (20), a: (30), o: (35), »: (40), o: (45).

Fig. 6, 7 02 EATEES BOF 7 2DEY, EEBLEERMICEL 2D Fig.8 T
H5, K (a) CRECFUNEMREDR A, B 3 NEORNEEX SNIZK (o) T, TEADOKY
1EWREL T B B —ER ECHA L ThiE, B (a) OEMRIE () O & 5 SMREH# L Lt
3, D19 FR2RBEATAL, R () DX 53, - F S/ 2OEER2 D, E3% L, R
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Fig. 7. Change in diameter of the twisted nylon menofilament No. 150 during the stretch-
ing process (right), diameter at only twist before stretch and assumed diameter at
breaking tensile load (left). Where o: (N=0), »: (10), a: (20), »: (30), o: (35), = : (40),

e: (45).
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Fig. 8. Schematic figures of twisting and stretching processes of nylon monofilament.
(a): initial state, (b): stretching state without twist, (c):
stretch, (d): stretching state with twist, (e): developmental figure of one turn of
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Table 5. Values of length (mm) of helixz of N twisted nylon monofilament No. 150 at
various tensile loads. Each value was calculated by the values given in Table 4.

Tensile load (kg) Assumed

N value at
0 10| 2 Q 30 [ 0] 50| 60| 70| 8 | 9 |bresking

o | 500.0 |501.6|500.2]|53209]|631.9]5%6.0|542.1|546.6|50.7| — | 5620
10 | 502.8 |B5OT.2 | 519.7 | 530.3 | 537.2 | 543.8 | 548.8 | 554.5 | 556.0 | 568.9 | 563.8
20 | 510.5 |511.5|535.2 | 536.6 | 546.1 | 540.8 | 553.5 | 557.8 | 669.6 | 564.0 | 568.2
30 | 5219 |524.7 | 536.4 | 545.3 | 555.7 | 569.7 | 564.9 | 567.3 | 57L6 | 575.3 | 576.6
35 | 520.0 | — |b545.4| — |B563.7|B568.4|570.5|575.5|58L.2| — | 5834
0| 581 | — |ss40| — |s7L0| — |B7T9.1| — | — | — | 58.3
45 | 548.2 |552.1|560.7|574.3 |b8L 4 |583.9 |69L5| — | — | — | 594.0

600

580

560

540

520

Length of helix in mm,

500

480

1

—r T
0 10 20 30 40 50
Number of twists(N)

0o 20

T T

40 60 80 100

Tensile load in

kg.

T

120

Fig. 9. Change in length of helix of the twisted nylon monofilament No. 150 during the
stretching process (right), length of helix at only twist before stretch and length of
helix at breaking tensile load (left). Where o: (N=0}, o: (10), »: (20), »: (30), =: (35),

»: (40), o: (45).
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o 2 4 6 8 10 2 % 1 18 20
Tensile strain of helix (x107)
Fig. 10. Relation between tensile stress and tensile strain of belix of the twisted nylon
monofilament No, 150 during the stretching process. Where o: (N=0), «: (10),
o: (20), »: (30), a: (35), a: (40), e: (45).

BRI o it, FXXPEBLUIL Fig, 11 CTEANL, ADEBEAFMEBL TV IR, O
F OS5 RONH Fi %, S5 RICEASEIERE Sy TR LItk -TEALN S,

Fb = F.sin@
Sj =S-siné
oy=Fy/Sy=F/S=c (2)

Tiabb, BIEHF X BERFRDOBIHEIES on i3, BHROSRES citBL {3, Fig.10 %
ATbhh»3 X3 IBROMIRIE, B2 5LVEERD 17 OBROMIRIZEL T, N OKEVE
ORI R AL, PIEOMIRRRZRYE N CRZ-TE Y —FERZ > TWEY, 1z, B[
FHF it BSHos BODKETE, BhekEAohzbDiR, T TREBRFMCOTAZELT
Wi, CRIEF S RACENEEA B IZY TERFMSIEREAZELTWB L L 2EKT 3. -7,
EBOERFHOBER N2, BIRHFR I 3ERFMOBREH os i, WneEALL LIS
THEL 3BHEFADOSBSA2MA T D TEAZUNEI WD LB 3,

A
B C
Fig. 11. Geometry of developed helix of nylon monofilament. Where F: tensile force,
Fj: component along helix of tensile force, 8: helix angle.
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Fig. 12, (8) Model of twisted: nylon monofilament with stretch. (h) Geometry of deve-
loped helix of the above (a). Where =,: shear stress, o) {(=c): tensile stress along
the helix by tensile force, ¢’: tensile stress along the helix by shear force.

4, BneEALDL RS 1277 204 % & b HU THERM#i O Fig, 12 TH 3, [
M (a) BT, BED, BXIOF72M, Rz~ rOERIRLY, EENTEICKELTH
AR e P RENTVE ETHIL, LORDT 7 AOINERICEBT 2 RAKOTAY I,

A

=Ty
LEDLANEY, LR @/ IBBENEIZHORNATH - T, e ¢ LB, LR,

_D

y=—p ¢ (3)

EET 3, 5T, LOROIKREICE CAMWIES 70 12, BEEERES G LT,
D
=Gy =G-p- T (4)

EFEDLAIND, Wi, FF D) TRT LS, () M2REAL TEOFMICEIEI R E . TELS
25, BCHIIERT 2 RAR N,

70 (Eéx 1)
THED 3N, TORANNOBRES MR,
7o’ (I—BEX 1) *cos @
THRDINS, 3TEHRFMIKEAYS BE BORHER,
(BCx1) -sing
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Li25h b, COECERTIEIREN o RERRNTRDINS,

7o+ (BCx 1)-cos @ 1
(BCx1)-sin6 =70 tane

#-T, BRFREOSERR, CORN X BIBRERDOFIERRES op’ L BRI F it X 3 58REH
op BMAILBDIRILEZ, LT, LO2O05RREHIOF Y, BEEACEThE, 77 2397
ZbDEEALNG, 20T, £ HEEN OURRRHC I 2R X 2B 5 RO5IRIG I o) %2
BEI L5 TRY, T EBEERE Fou K X 33ERIES o5 & OF1H, BN2ELLUVTHIRS R
OBIERNFIE N 03 & EOBERA - TH I E2RIL 2.

(4) KRB ABNEISHORV Ao, ROYEEN 277 20EI L »5KRAUCEL 5>TERD
BT EMBHEB,

0‘," = (5)

_ 2=-N 6
o=—7 ©
1, BRA 0,
0= —= 7
0= DN / @

BPORDBEMBHEKS, 361, HEEREK G L REERE E LORIKi3, X7V Eem L
T, —CRARDERYD 50

Table 6. Comparison between the breaking tensile siress and the sum of tensile stress along

Twisted, Tensile . Tensile Tensile strain
number strength Length Diameter stress of helix
N F on L D (4% &
- (kg) (mm) (mm) (kg/mm?) (x10-2)
0 117.2 562, 0 1. 890 41, 8%* 12.4
10 114.3 560. 6 1. 896 40.5 12.7
20 106.9 565. 4 1.910 37.8 13.6
30 95. 8 547.4 1.923 33.0 15.3
35 88.8 542.1 1.935 30.2 16.5
40 81.0 532. 2 1. 957 26.9 17.2
45 72.5 524. 9 1. 967 23.8 18.8

* calculated with Poisson’s number 1.95

Table 7. Comparison between the breaking tensile stress and the sum of tensile stress along

Twisted, Tensile . Tengile Tensile strain
number strength Length Diameter stress of helix
N P on L D . (43 3

(kg) (mm) (mm) (kg/mm?) (x10-%)

0 91.8 575.0 1. 607 45, 3+ 15.0

10 89.5 572.9 1.610 4.0 15.0

20 84.8 572.1 1.613 41.5 16.2

30 78.2 565. 7 1.620 3.9 17.2

40 70.2 560.0 1.635 33.4 19.3

45 65.6 556.0 1.645 30.9 20.5

* calculated with Poisson’s number 2.18
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m-E

¢ ="2(trm

(8)
LLABT, RiebEELILI, COFFIDBEE, BIERNLEOFA & ERBRITIE 2L,
HEEMHERE E 2—E T2V, 80T, SFEELMEIET o 2, FROEE N ki) 5 MO
BROV T A & TES1Z D%, T2bb, KATEALNZES, FBHERN iti? 3 LH

L O (Yo rR) EUTHERL .
)
E=;: (9)

PEO#R2H - T, BT 2BRFOERE o8’ 23ERC L > TR 1z, 20KEEE, &
BEEE L BT, 150 B2 Tt Table 6 i€, 372100 Bit D Tid Table 7 KR, SRR
ZRTb»3 X5, BlEAFRIZERFADBIEEN s LR L - TAL 2BBHRO3H
Aoy EOFNE, 1508, 10058 N=00DE 207 XDBEME S op LT EAE—HL T3,
PEDZ ELb, e 52 TBE- ROUNNE, BIEhK X 3 B85 OB IEE) S Rhick 5
THU 2 ERFEDOIIRE DR, BEIEHIREBLUIRICEL 3 EBAONS, bhbhdiEic
BIEHE L V- T30, 220HD5 5, EFMOSRRAREZEIDA2EHHLTWED

ThH-T BRIMTEANL, SIRBERTALBIUTOILVEVA 3,

the helix induced by the tension and the twist of nylon monofilament No. 150 at breaking.

Young’s Shear Twisting Shear tan @ Tensile Sum of

modulus modulus* angle stress L stress tensile stress
E G ¢ T, —_— oy oy to

(kg/mm?) | (kg/mm?) | (x10-49 | (sg/mm?) | PN | (g/mm?) | (kg/mms)
337 111 0 0 co 0 41.8
329 109 178 % 2% 11.5 9.44 1.22 4.7
307 101 360 21.8 4.63 41 42.0
273 90.2 548 29.8 3.02 9.87 42.9
263 83.6 645 32.9 2.56 12.9 43.1
243 80.3 61 36.9 2.17 17.0 43.9
222 78.4 857 38.6 1.89 20.4 44.2

** breaking tensile stress (=o})

the heliz induced by the tension and the twist of nylon monofilament No. 100 at breaking.

Young’s Shear Twisting Shear tan @ Tensile Sum of
modulus modulus* angle stress L stress tensile stress
B G ¢ To 4 h’ opto ll’

(kg/mm?) | (kg/mm?) | (x10) | (g/mm?) | PN | (g/mme) | (kg/mm?)
302 104 0 0 oo 0 45.3
302 104 174X 2w 9.15 11.4 0. 805 44.8
280 96.0 349 17.0 5. 66 3.00 4.5
263 90.1 530 24.3 3.71 6.55 44.5
235 80. 6 714 29.5 2.73 10.8 44.2
221 5.8 809 3.7 2.39 13.8 44.2

** breaking tensile stress (=)
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FHACKBNTERALIZERR, 5L 2T REBEACBOTRIORTH T, ZOFTZD
BE, IS OTH L ERERCIE L, BRIEHSEEE T, #-C, LEOEREES L
ARTRILTVEVZL S, UL, FRLICBVTIE, L3~ HETRT, Ui b BEBRBhIE S
FIEMESEPRAT AL L2 E—CEL, KHLVTAHEOBEEN KX THDY 3 X 5 iCHimst:
REBPRETALLT, 2FLLUT, BERNBRECVTE25L 5 U THERT-1 CDX 52
B OB ZYHE»IRSE AL CRNT AFIETH 5,

E #

1) 48y 5772105 108%2HE-T, —BRCMAZBRIERKEZELXRELT, 205
R R RD I,

2) FF 29203 LT AOFYERE Dy L ORBEATELNIF v v 2 WNMBEED L [
RiRERD d/Do=1 ODEZEHEL, ZhE2LHHEMKICI 33EREE LT,

3) FRBBPONBCLLERILT, EJIREL LY, HBRIKR 23, Z0EEI, #)EENM
KELLZBABRKELES5TV R, —HIEHROES I, B 525N 3170 CHITREY, Ry EEK
BRELLIZBZOHMIIRELZoTW 3,

4) BhEHEABZI L LT, BRFACSIRIE o8 2EL, 20K32313, F7ROHER
D, BIESYYOhUhAa% ¢ BRAER o, BRGNS G LT, KARL-TEDIN
60

D 1
W=C¢ 5 e

5) BhEEATEE-BOF S 20OUMHE, BN F ek 3 @B FROBRG o RS
HABL X -TAEL 3ERFADSIERIST] o OFHTERIS o3 IEL BB 2 EEBALN
%,

6) bhONMEEICEIREE L VS T 20, BHFAOIREARE BEADA%RZ & HhHL T
ZDTH-T, BHREFBITEANE, BIBEERTASELLTOLEVENL 3,

3 [

1) RoEe (1969). §ROEK. HiKss 35, 1220-1237.
2) BAZZEE (1931). SEHRT 28RNEIORS. KB 26, 41-51.

3) IUABEAER (1972). HOREOWE L 7¢ L EORM. HtiokEdfs 23, 94-101.
4) BNFDE - AEEHRE (1967). dhphZ2. 248p. AR, A
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