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Research on hand rope knot based on energy theory
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Abstract: Aiming at the problem of high labor intensity and low efficiency of human knotting, and the problem of low knotting rate of current
mechanical knotting, the minimum energy state of hand rope during knotting was studied, the research object was proposed combined the dif-
ferential theory for hand rope to be tied under the suspended condition, winding rope(170° ~400°) and move into knot, a mathematical mod-
el of hand rope was established. Through the arc length formula and the variational method, the minimum potential energy of hand rope at the
catenary state was disproved. Through the plane curve theory, the theory of the bending and torsional energy, the bending energy and torsion-
al energy of knotted rope segments was analyzed, results were obtained that more circular the rope used for knotting was, the less bending en-
ergy would occur, and the less twisting number of the rope itself, the less torsional energy would occur, the hand rope would be more stable.
Through the above energy analysis, the method of rotating around a shaft to carried out the knot test was determined, and the robustness test
was done. The results indicate that the successful rate of hand rope diameter between 2.8 mm to 5.3 mm is above 90% .

Key words: hand rope mathematical model; bending energy; torsional energy; knotting test

s HHEA:2017 - 11 -24
TEBB IR (1991 - ), B VL A 4, B, FZMNEYUR T XIS BRI S 6 ST R . E-mail:1192904712@ qq. com



. 812 - Hl H

T R H35 %

0 51 &

H Rl (4T 45 AR IF 2 A T B8 =k,
PEEBR B ORI, BUTE AT S5 BT 450
gl 5 T TAREFFREL D BT45 88, F AT T
AR FARGE A1 22 RAT S5 8545, DRI, X ATl B 3T
2 B AT B — E R AT B0 8. 1
TEWFSE TARITA 1 AL oh, 4% T4 A0 R 1 07 2 S R v
LR S e 7

] A A 35 X 4T 45 9T R T KRS, v [ Ak
R K2 B T AT T AT 45 g E 4B B A ALY
ZERI M SR, WY 5E T 4T 45 2838 2 RS 5 i 28 5k )
15 BRI B 3R IR 2 55 2 1 0 202 Y b 0 48 1B LA
PEAT T B84 BT 5 o0 R B 5 B i e 2 ) ik
6] TREH AR X D BTEE 88306 T T = 4 Al 518 3h i
B AT A AR 0T 5 VLI R 2 i T AT
g2 51070 3 PR S22 Al B 3 SRS T AT 4 A AT
255k, BETE T O IR B FT 45 6%, AT T RS iR 16
SEHT ENE S B BT T S5 000 5 R Tl K2 1
PP T T B R B R R i
AMFLRTE 4 FiORAS T i 23 ] il 28 1) 45 52 - 0 #5652 14 07
VEAE WAL ST 45 1 09 T A7 5 R R 2 T i 4
BT T PN AT 48 & B 50, lST T 48 & 4R 1 i
PHILLIPS J %51 SR 1A 138 0 511 B 114 380 586 I o 65 7
SEATURFHEAT T BT S, RS 5 E TS
T EAE T BE L 55 R R RE 4 BT B 2 ] 45 6 S B0 BT
s IR IRE A B 4 BT T 45 3 2 rh 48 TR 8 ok 4R
ST BB

AR SOB AR T AT 45 10 SRR, AP Ak R BG4 B
FTE5 R R R B 4R IR, DF T4 T4,
FHHATRAE VSR

1 FHBCA A
FHF TATE )78 1 s .
R

K1 Fa9T45)r 0

G T TATES 0 R Sk dE s FAR B

I AR K AT B TR A T N B, 2 T 1Y)
—uihi IR Ty, i —dwhi Sk T, , FERMLKEE N p,
Z RN JIh pgAl,

TFa Bz e 2 s .

K2 FHmBszh

M RS2 VA 2 A AT A
Xiﬂijffﬂj:TzH -Ty =0
Y#J5m T,y ~ T,y — pgll = 0 (D)
ZWiHm Ty - T,y =0
AP Ty— FImhi ) X o7 — Fimhi )y Y By
Ty — NP Z o s T — By X o6
Tyy— L3whi s Y Rl Ty — b3y Z Bl
H 11 2 P Y - AR sk e XA Z s T AR
AHAERY AR Y #0718 BRI 2 BEE « Fl 2 I8 AknT A2
A, B Y BT ERY R T(x,2) AR () Al
T(x + Ax,z + Az) = T(x,z) +pgAl (2)
Hi:AL = VA + Ay* + A7 fRAS(2) , 550
DFEBRLL VA + A2 15
T(x + Ax,z + Az) — T(x,2) _ pg‘N/sz + Ay + AL

VA + AZ VAR + AL

(3)
KRy, 848 360° &, 32 1 2, B L R ir 5 4
360° Hij , U5 2 28 viig ok 28 FE /1), BP28 115 7E 2 7 Inl &A=
B (Az =0) 8 T HETHE 8 PR 1528 1 B fe
BT S xoy SETHEAT o 48T T FEAF 1 5 oy F
AT, B2 BT DA R —A 5 80 e (3) 1] LIAR
ﬂg;T(x + Azi - T(x) _pg «/Az;+ Ay’ DU A ETO

B, XX (3) BRSO R, 15
1mT@+A@—T@)_hm%uﬂﬁ+m3M)

- Ax

x—0 Ax x—0

H1— B 3 R LA 35 SCnT AT

Fla) =&

Ax 5)

EIE MRS

= = (6)




8 1

TRALE SRR TRE R IR TR ST 45T 5 - 813 -

Harsi(4 ~ 6) 3.
T'(x) =pg V1 +[f(x)] (7)
EE T(x) = T211 XJ”(x),ﬂﬁ-ﬁH"l
T'(x) = Ty, Xf'(x) (8)
War=(7 ~ 8) nlf:
Fxf(x) =pg V1 +[f(x)] (9)

-VXLa = sz/pg,mﬁﬁ%:
y = f(x) =(l><cosh(i+cl)+c2 (10)
a

fCEF ta— %%%ﬁ;ﬁ yCr H’.‘%’%ﬁ%o
K (10) RF4anyEApml

2 THRERE

TESTAS AR, 28 Pl ) RS B R TR T 45 1) ) )
SR 1M 24 P A E G R U BOR TR S A B I ARE
H1RE T EE AT BE A B e RE RS I (R AR R
AL, P ARG A2 A 268 R L LAk TR BERAR A 5 T g
RERLIRAS Hy 4 18l A7 IR RE RIRAS R 248 18 A Sh A2 1
¥ e R R R AE R AL P A 5 S U e
H AR T RRE A AR AETE | DT i S XL

ARG T4 Y 2 L E B DURRHE 29 TR RO 4% T4
(Y g BBE SR P S R £, MUSES 4
Rem E, 5T
2.1 FERMNENDBHE

FURIPAEII T 2 N T S S RE RS e T
UEBAELAPRIFITARIRAS T A 7 £ T s, PR 135
AR AR LRI N, AT LIS

HRfE b 30 T2 B A B R o A 1% T2 1 H4 e
(¥ fe/ VA AR AT BCB HE 2R B 48 5 5] 170° i
R IR — IR B AT R A, R — RSN
S [ , FARSE /R N 3 P

y

V2

1
x!

&3 FapgEseREEl
A(xy,y,) B (%, ,y,) PR T40 8 58 72 rh (1 7
E R A SRR A B DU A5 Sy i, B SR Sy — [
FoW X PRI y = f(x) BIKEEN L, iZBuh
AR A (2, y) IR A I A AT 1
L=y 1+ [f(x)] dx (11)

L A1
y:y«/l +l(y’)2dx (12)
HoMTHe R T & D RS EO S I0E
o, L TG 1 v, B R/NRDAT XAz v S (y) R

J(5) = [Py (13)

H:F(x,y,y') =y V1 + (y) AZHR I (y) B
Pt/ IMEEMZR v = fCo) , D by D o B A 728 93125 )
L y = f(x) Wi Euler-Lagrange J7#E

dF, (x,y.9") _

F,(oyy') ———3— =0 (14)
Fo(x,y,y") = V1+(y)?
1
Fo(a,y,y') =y*y ——
V1+ (y)?
dF, (x,y,y") _ (y’)2 +yxy’ oy (y’)2 % y"
e L+ ()Y (V1+(G)HY)?
(15)
R (15) MRAK(14) 15
L+ (y) —yxy" =0 (16)
fi=X (16) o7 fifs
y = cosh(%+c) (17)

K a,e— HE, B LB A S B e AL
MEGIABRSL R B H 7 fE , B — D R AR e I
FERARA T HEAT , I RCIE i, 3 P s i i 2, Bt
RN ORAR, BV RS R ae i/
&l 3 AHL 7RIS E] 170° Bk Frh 8 )y 4R
F AL, PR AR BB R iR, B DA%
R 95T R F AR AL, BAaE o
2.2 FHMEHeER
MRYEFT LT FE , 58 B B2 i b, B4 25 iy i 1l
Had A2, T AAAI 5T % 18 T4 1Y) 28 BT 25 il e i, X 48
WEATTAL ST W T 28 82 2 4 1 o —ih £k .
WIZTABGEM& r = r(s) , Hrb s B, P
e ] 125340 an &l 4 R o
y

@] / X
&4 T e = oA




. 814 - L G

H35 %

HEAEZNE
r(s) = (x(s),y(s)) (18)
PR, a] RATHARC ) HE B ) o)
a(s) =r1r'(s) = («"(s),y'(s)) (19)
FE ) A HAUE — 15 a(s) #E A IE
A2 B A ) A, B
B(s) = (—y'(s),x"(s)) (20)
H B T A2 ] B HITR AT AL o (s) S 507 ] 2, 7
TESHIEZ ML & o (s) i1 als) L a'(s) M
PN ZE ro= r(s) RUARXT 3T TS .
a'(s) = kB(s)=k, =a'(s) -B(s) (21)
1 DA 3 T, o 2 VT i 4k 1Y) Frenet 24
Hon

i K.B (22)

Hrb,als) 5« Mg EmJe Mk 0(s) ,0(s) R
als) Ylma, FEE N o(s) BYTT A o X I a(s) Al
eI

a(s) = (cosf(s),sinf(s)) (23)

Hrar 3 (18,20) , m 5.

x'(s) = cosf(s)
(24)
{y'(s) = sinf(s)
P (24) FRCGRS:, I 15
{x”(s) = —sinf(s) * 6'(s) (25)
y'(s) = cosf(s) + 0'(s)

Hrp,a'(s) = («"(s),y"(s)) I
a'(s) = (a"(s),y"(s)) = (—sinf'(s) - 0'(s),
cosf'(s) + 0'(s)) (26)
(26) PSSR B(s) JkAE(20,23 ~ 25) ,A[f5:
a'(s) +B(s) = (=sind'(s) + 0'(s),cos0'(s) - 6'(s))
B(s) = (sin®0'(s) +cos’0'(s)) - 0'(s) =6'(s) =k,
(27)
FURATEE L R b 25 iy pl i P B 2 R R AR R
RIMIEHE IR 2, 5 £ & B8 & S /N5y MOLL M
AL ot i A/ NS RIS 7 5 AT 5 425 SR ml A0 - 25
RET WM& EIrm A 6(s) , 7T LU o 4 — i B
M7 T8 6(s) W T4 — 4 V-1 i th SIBAR e LA
W TFa SR 05 BOy T i s K
O3 — 25 3 B 5 T £
FLRAE AT 22 iR IR S s

K5 Fags s

FSCHRL 16 ] AR 0 L 5 R A2
B, = 2K [e(5)]? (28)

2 B, — 25 A K, — RIS e (s)— i, B ko
L 2 (27,28) AT AR & 1 20 37 75

=

oy
He

1 1
E, = ?Kb[c(s)}z = ?Kb : Kf

1 , 2 1 ' 2
= 2K (090 2K (00502
= K,0'(s),0'(5), (29)

HEACEO(5), = 0'(5), WA Ey iy = K 0'(5),60'(5),0
Xt o' (s), = 60'(s), ARy, A%

J»:RBI(S)ldS - J:"16’(s)2ds:0(s)l = 0(s), + 0(s),

(30)
A, T4 2007 T F R 0,06 6(s), = 0
Fos A (30) , W78 4 ELACS 74 6(s), = 6(s),
B, T8 MR 10 % 43 5 M AR /1N R TR0 0 T (%
RIS , LB R RAE . ph b T 75« 1128 25 T R
FIAA , 4025 MR R B, R e
TSR R, BV 170° 1) 400° 2 o]
(R IRB A | ZEIE R, 28 TR TOAR LN,
FFLLTE AR N, 25 A b o S B (28) T
1 S R W o 9 5 R 2 R 4 P 2
2.3 FRNAREE
STHTAT S R, TR T RE R AT , B 1
— N TR SR R
AR BB SN 6 5%
Y

a

>
=% :

A

c

Ko agfE el



8 1

TR A T R BRI T AR T 450 - 815 -

PR R 8 7 i, BT Lk = T, = 0(H
W, Lk— ISR T, — HIHF R 48 1 =L RERE S 0,
e 6(a) Fro,

T JPR S5 481 B B AR O HL L, e
I, F5 R W] . AR IR 21 2 4 o A A8 A DR AL g i L
MR A e 2, R B, T AR 1
INIIE 7S G A4 i v , 3 I PR SRR B e T
L, aniE 6(b) FroR.

Ak g i RS | T P TR i, 26
HUAE A GERRAEAR AN 6 () FIT7R oAE3S IHL AL RS 72
h 4E B S APTRE I, B AR &, BORBOR

T T A A 1 20 ] A, 48 B L RO
Az 2 P HH P RE i Y T2 B R LR 3R, JIr LA 93 B 4 el g
I, x4 Pl B0 1 % e S i i 41 e g i A Uk AT oy
BT

27K, )
=TT (31)
A E— AR K, — HHAE NI ; T, — HIFR8G L—
HBTRE,

IR J A B Be L 46 18l AN 5 AR g 5 25 i L EO A
AR Ji LS il R R ) SRR AN AR o — 2 S RS B ) — i
I (A48 A BT IR 905, (01548 A 5 9 R0 5 A
S BT AT A B B 5 A o 2 .

HEC(31) AR K, R L R T ARG [ A7 e P
AR & i DATE U [ B i BE i 1) 32 28 P 3R 24
BT, 20T DO HL OB A R TR PR s

E

o

(d) ZEERHUIATIEFE420° 4L 325 mm

(e) BEABMALTIERE450° A5 MR F5 330 mm

3 FI45E

N T IRUE IR P AT, RIS A T4 4T 45 5 O

& T R & h Zea WK L sl R s AL

A B AR R 2H B, 42 8 43 SRy 26 2k e AL, R oy A1
F14) ] R s ) g SR S

FURFT AR EFENLUNE T P

=6 e ?1. ;’

LRagi sy
f&Blilsy

(o) ARG
K7 FHRATAE AL

5.3 mm BN FAEATE L R NE 8 s,

-“6‘ -\

() ZREBHNLTERE 5 10° A LIRS 340 mm

Oahih @F4e OL4aHs»
8 5.3 mm EARI T4 ITEE ST



- 816 - Hl 2}

T $35 %

5.3 mm $5F48 th S22 LA I 0° e #1) 170° 2 ],
g E R R FEAEH, TS T E e 2 170°
ZHT BB AT, AT A R R T R, R AN
FE 170° ~400° , FHFHT 4553 2 B el 181, axX B B iy

/

£

(c) 4.5 mm EARI TLE4T4E

(d) 5.7 mm BARIE F-A84T44 (e) 6.2 mm LRIy T4 4745

hBEfE 2 HARE . fm i e rh, 28 1 A

FHFEE T ZRHRER], [ S RO D A 2 A
T — RS ER M I A 2 DL I Rl s e e, AR SC

AT E IR . SR R 9 R .

w

> . C—

o ARTEITLELR

IR ) B ) T AR T (4T 25 5B SR

1R,
#£1 AAHANFETEERER
W/ mm RNEL JE RONE/ %
1.8 16 4 80
2.8 18 2 90
4.5 19 1 95
5.3 18 2 90
5.7 17 3 85
6.2 16 4 80

HTSEER 45 R m] R - 2R B i A PR i A sh B AT
FIMGLE , Bt UG 10 A — 2 BESE ), g 2 X A% 5
A 2 T A — eI, 3 PG B2 5 RS Bl ) ) IXAE
WRARIE A Ty, B i BE R IR, AN 9 (a,e) AT LI
th s TE LSS B B by T4 B AR AR X T MRS b R s
FRTCHE LA, , H AR KT 6 mm 998 T-48 i 18 Fr il
PR, 7 HE 2 B R R, A BN XE . BN T
2 mm B3 FAE TR B B, T MR AR R TR T
S AR, JOR B T AN s 4% T4 HARRH TS



8 1

HRAA AR T ER

PG T AT A5 5T

- 817 -

FGUMRELI , FTE5 R W I e A fi i B4 R4 1) aod e
H, EARBOR 98 T 28 70 A i B b B BEFR T A B Y
183l R RO, FTEE A 2 R . A SCHY
ITES LY B T HACAE 2. 8 mm $] 5.3 mm 2 [H] [
L TFRITEN R AR —EREN.

HT AR BT i R o A R T4 SEd e Sl
45, H 3 A PrBemy LRt o B i IS EE B e
FANBGRERE . Jd i X 48 BedE AT 32 11 0B, R AT 4IRS
N Ra S AR, O T RS BB LIRS R
FAgAb T ARE T F0E, B LLSc s 8 vh e i fr T4
(T4 B T P B B LOIR A 5 X SR 1o 7 v T2 1Y 4
S AT 0 T, A ) 4 P U [ JFL 25 /N, BT L
T P AE R Bk A 1 5 AR LA e
AAF4E T A B AL B0 D L 5L e Bl BU ), TR iR
Je S By BEAN IR 25 B B 5 A PR

4 ZERE

A SCHAE T TATZ5 9 5 B, A BE R e 0 i 7
IS R AR B Be P28 AR, WH) 48 F T 453 8,
AT TRETE SR

ARICJEEERIBIETE A - 58 BB RS Bl Al ity 3l 28 i )l 4%
AR A ) = AR PSSR SRR G R
SIS TES W SE S LT 5 0 I 3T 450 e v 28 1
(5K RN Bl R e 2 i 4 5

2% LK ( References) :

(1] SR BRpf, 36 W, 55 D BUFT 45855148 i pie &
(B E5FSH AT [T ] . A AU 2=, 2017 ,48 (1) :73-80.
SR BRI, 2 I, SF. TSRS s R SR LR sk
FRF LR AEGEM I [T]. 4k ML 2= 42, 2015, 46
(10) :31-37.

2RV BE W, R AE, G FT A RS B4R B AL B 15 4y
M5ttt [ T]. Ak AL 2E 4 ,2015,46(3) :118-124.
(4] HE W, 2=V, BRJEME, 55 ST 3R EI AP 5 554

(2]

(3]

A5 AR

[17]

HURAE 20 B S et Bt [T ] Al HLi ~7 4z, 2016, 47
(10) :44-51.
WO, 2w, K2 BE, A5 AR ATANALAL R p A T2 B 0 4
i oA [ ] A AU, 2015,46(9) :128-134.
MR, 2 ek, sk Bt A, e TARR A D RUTSS
wEM SB[ R, 2014,45 (12)
104-108.
TV R SR, BRI R TSR R kB A i T 4
HEAUATES T [ ] A HUR 41 ,2016,47 (9) :85-
92.
T ST D BRI A, A5 XA S BR S 4T 45 8% BT 5 L
R HT[ ] ALK ,2016,47(3) :98-105.
FUREE SROT IR, BRIE W, 45 3745 2 ke 28-S 4n- At s 1F
SR AT AR [T ] AR ML~ 41, 2015,46 (9) -
135-143.
WL EFEL Y 8,5 BT RIS N T
SEIGEIOFTE ()] TAREBET2A 40 ,2011,18(4) ,260-264.
TEIEIE, EAHT, 8 U J6 T 2R BIE Y B LM 45 5% 5
OIMTLT]. KRR 224412, 2006,39 (1) :89-95.
PHILLIPS J, LADD A, KAVRAKI L E. Simulated knot ty-
ing[J].
Automation, 2002,1(9) :841-846.
®OB R, R T BRI RIAR
GEAVRELT ). LSS R4, 2011 ,45(4) :597-603.
ERZN. 4UASH8 T8 Qe T 45 B ikt 55 D).
BN WL Tk A B TR B , 2016.
MOLL M, KAVRAKI L E. Path planning for variable reso-

IEEE International Conference on Robotics &

lution minimal energy curves of constant length[ C]. Pro-
ceedrg of the 2005 IEEE International Conference on Ro-
botics and Automation, Barcelona; IEEE,2005.

RICCAR R L. The energy spectrum of a twisted flexible
string under elastic relaxation [ J]. Journal of Physics A
Mathematical General, 1995 28(8) :2335-2352.
DOBAYA A, DUBOCHET J, MILETT K, et al. Scaling
behavior of random knots. [J]. PANS, 2003,100(10) .
5611-5615.

[4R4E: A B R

TRAL BN, BRI, 5. JE T RERE BRI TAE4T S50 5E [ J]. ML T2 ,2018,35(8) : © - ©, O
ZHANG Dongdong, HUANG Songtan, LV Junjie, et al. Research on hand rope knot based on energy theory[ J]. Journal of Mechanical & Electrical Engineer-

ing, 2018,35(8): Q -, 0.

CHLHL THE Y 247 - hitp : //www. meem. com. cn





