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ABSTRACT

An innovative anti-loosening bolt with a double-thread mechanism (denoted as DTB-IIC) composed of coaxial single
and multiple coarse threads has been devised and its structure and performance has been optimized. The results in the
previous study showed that increasing the bottom rise rate [, which is the ratio of the bottom rise amount of the multi-
thread groove to the thread height, to 70% significantly improves the thread-rolling formability, but clearly reduces the
loosening resistance. In this study, this problem was tried to solve in a simple way by inserting a left-handed spring
washer (denoted as SW) between the inner multi-thread nut and the outer single-thread nut. 8 was set to 50%, 60%, or
70%. Comparative Junker vibration loosening tests based on the ISO 16130 standard were conducted and the change in
the residual rate for the axial preload Kk was evaluated. Without SW, the final k (k) for B = 50% was above 90%,
while xy for f =60% or for § =70% was approximately 73% or 64%, respectively. The attachment of an SW
increased k; forall B values, and the increased rate for ks was greater for a lager 8, reaching 82% for f=60% and
75% for p=70%, respectively. It was found that the contact force between the nuts is an indicator for determining the
degree of locking state between the DTB-IIC and the nut. The initial loosening process was simulated using a three-
dimensional finite element method (FEM) model, and the k curves in the analysis agreed well with the experimental
ones by setting the backlash § between the inner multi-thread nut and DTB-IIC bolt in the rage of 0.125 - 0.15 mm. The
simulation results indicated that there were clear differences in the mating state between the outer nut and DTB-IIC
depending on the f value and the use of a SW achieved a more robust jammed locking state when £ was 50%. In
previous studies, we developed innovative anti-loosening bolts and nuts with a double-thread structure (denoted DTB-
IIC) composed of coaxial single and multiple coarse threads. It was also experimentally proven that the DTB-IIC has
high anti-loosening performance. In this study, we analytically and experimentally investigated the effects of multiple
thread groove depths and rolling methods on the thread rolling formability of DTB-IIC fasteners. The bottom rise rate,
which is the ratio of the bottom rise amount of the multi-thread groove to the reference thread height, was set in three
ways of 50%, 60%, and 70%. As the bottom rise rate increased, peeling on the thread surface was suppressed and the
high temperatures produced by thread rolling decreased significantly, but the loosening resistance against vibration
clearly decreased. We compared three typical mass production processes for bolts: the round die method, the flat die
method, and the planetary method, with the bottom rise rate set at 50%. It was found that the flat die method had the best
rolling formability in terms of screw-thread shape and surface quality. A Finite element simulation consistently
reproduced the deformation process of the complex DTB-IIC thread and revealed that the material shear flow due to

over-rolling led to the occurrence of surface peeling.

Key words: Locking bolt, Double thread mechanism, Bottom rise rate, Spring Washer, Junker vibration loosening test,

Loosening resistance



|

ixd

=123

B

ol

A Junker BRERICH1T D7 T A4 ¥ —TF L— hOKH
[N IR IE

Fy  Junker 3RERIC 1T 2 #3144 )

Fipue DTB-IIC 2 U LAl & T b3 Ul ZeqflimE
OB )

Fonut DTB-IIC #a U LAl & T b3 UL ZeqfliE
OB )

f Junker BRI 33T 2 IR BN E 1 4%

N Junker #BR (21T D 2IRENE

Pep T IAF—TL— k&I NEROBS
Pouts Junker BRERRTONT > N &EST > MED, & 5D
WIENT b EiTREe M o) (G M)
a 25 CHEOIE LT &

B £ 4R CHEOIE LIFEH

4 L5 CHEENESET v NEIO R T OBl

Ax; W) AR 2

) HA A DN I7 A FRIA S

Omax  Z A ADYEIT IR AEATIA I B

£ SATMIA S e D IEA DT &
K i SRR

ke BRI ERATER

& 2 UL s b

o
il

AV MRS ARIZED (IR S LSRG 7at=, Hiid T
EFBERE, BEIEENSWVERERDO -2 THY, BIETIX
IFF M FRICE R LTWD. BRZ, M24 L /hEnt g X
DOHRNV ME, RUEIEIZ LD RBAEEFT DL S TH
L7, R TEMETEARES LTS, LML, &
DFEO/NR )L MR LIRS, SR, BAf2
EOBISIMER L, L0 LEAIRICESSREY [E
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JFEXRIE T v hORY [EERIZ K 53 T OfEHA T 5 (Fukuoka,

2023). TDT, $EIEBHIET D 72D O 143 AR iR A
KRELTROONTEY, TNETIZHEL OBEADRE
EEOBGIEICET 2N 2 S TE 2 (Miyata, 1985;
Saseetal., 1998; Nodaetal.,2022). L2 L, HiRDFEAIED
HAOIZE AL, ®EO—H2EEER SET-0, Fik
RRlC > MERESHMER ST Licky, F
v MEEESe, v b &R bR UILE OBREEH A K
SHDHZEICED, BHEBHONTHWDET2ROT, FriE
LUWBHIEBh AT 2 52 1 72 358121E, > MEEIC~ 7 aig
OSFAEL, RYEELICL D A OEAEERIZITMmE T
720y (Yamamoto and Kasei, 1977; Kasei et al., 1988; 1zumi et
al., 2009: Ishimuraetal., 2011) . ZEES, Z3 5 O IDER

Sh D 7273C, 18O standard 16130 (2255 < Junker ZCHRENHE A
R OFAM—1 OIEAEE - THES L DEREEZATDIH D
TINETIZFEAE Do T2,

—J5, 5 LTINSy FORY EiRE S EHIFER
ELARVEETY, IREARTOBARMNRIENDLY, 2
fil s i B OB NI FR R EB S A IR D IR S b &, o~
e (M), B, B, Erklor vy T r
WLV ARV OB CREABIEEL, B () kb
N5 AREMEN B D (Fukuoka, 2013; Fukuoka 2023). 72 U#EB
DT LT 4 v 7 BEORE R T D OMIEIE % < AT
b T % (Grabonetal., 2018; Karlsen and Lemu 2019) 73,
RIS O Z OFEDIERIERE IR L TE, 1ERORE IR
OEIFITIE L A ERh 103720, Z DT 0B Tlda UELS
WL WRENS N 2356, TREEX S 4.8 @ (ME SS400
ML) omE RV Mot LTiE, 7V —AR " hibE Y
TT 7 EOMEEAIOBATCERRIESA A v FLPIT LY,
TREEX Sy 8.8 LULOEIEA R/ Mk L CIRgeaft & Bk
OBAARY U~ U A UERIZE Y, Ty T v an
—vay (BR) oMflnKsnTWDS. 62, AL b
ferE a2 — E MM L2 WA, R ey b EKE
DT I2RIZ ARy MNEBEEZITV, RV b O oT
EHERFT 2B A D HD.

FDX IRV AT EAMO ETH R, RV SR,
ZOULRME, FMEM (OB THRRS T, #0 KR LE
HDFRE), EEMTH, K3 X e EoHEG, HHf
TIES ER LTS, ZOL ) RIRPUCER, —Ri7Ry
YINRURN N OEEEIEARE LT, LiEOBEARORME
Z @ISR T BRR E b S 7 o iR Ui
WZES A IO AL MfER (DTB &#Hd5) ThD.
DTB ffsfRlL, @O 7 AR TR M, U— FAR
FRE VRS, FElEEW R CENER LIRS
L7ue77 A VEHATWAS. DTBIEEY — Ny &k
PNFEDAHT, WITIRY — KTy R EfOMTFTE T )
v ML LTHEMT 5. DTB fifs iR iEA 1 DRI,
FIp DIRHEIE D 2 FREEO T~ b OFEEh RN IES < Bk
HIE %0 ZHEREIC L0 BERRICE O BT 5. DTB #i
AERIZLPNET B —SACICHE —ShUErEE S
(DTB-I & F-9), B HEMARBE CHEINE
(Takemasu and Miyahara, 2005) %3, DTB-I {3/l H 42 UIZ#%
boLflix ORBEDZO+ 3T E R LighoTc. 22T
DTB-I1 O itk Z KigicH LS5 72Hic, R UihoRd
DARARBNZHZE S, DTB-II LR ENDHEONDRIL F i
FEENEZEREN. DTB-L I v 7 vl 45N LA E
BEESEla=—7 TEFNRALHEEZ LTS
(Shinbutsuetal.,2017). A HDOHF T, AP THEFG L
9% DTB-II (DTB-IIC & #9) 1%, 1SO ZEHED Junker 5k
TIMI-1 24 B8R LD PERE, 4725 [ RsRE 3
K ORISR &, ) BAF it a2 3
BLENINETOMIEINSFEFEE 7= (Shinbutsu et al.,
2018). DTB-IIC DR LEFOHEIEIILL TOEY 5. £5h
CIEOFBILIITRESIN, D HL—20R0h, Y
D2EED—DONREEyF 7 hEN, IHIZEFERALHE
OWENELEFEN TS, AULEI O 50% (& EiF=®R
L&) FTELTFERTWVWD.



DTB-1IIC D&, @HED 7R UR/L b (STBs)
ERBRR CEEIZ L 0 IThi, EhUdidfSon UERE:
PR W72 IR b T 2 FEEk 22 TRk Ol 2 T BN T
WCHTDHAZ A ABNEATHD. B (Amano etal. 2024)
TIE, DTB-TIC B & A ADEHEE - BRESRBIEIINT. o A
T AERRE L, B OMRED IR - TR 1T
7o, TORER, EREICM T N7 DTB-IIC OfF A& ik
i, BICHEDMIT 225LR LORNT Y b e, BLREDT
B il ) 2 59 28O %R LD T v FOELA
METe D Z LI L DB T USRI RN TR, HiifsT
THRHZAT v b &SNy FORTILIMRARNL R Uil &P
W R TE (jammed locking state) (27225 2 & OFEFIFIC
FOMBEICED LN TSI E B ShoT-. EBIT, %5
NUHEDOE LFRL (LR UHERS a2 R UILE ShATHR
LTI100%FRLIZHD) & 50% LW KRE L, REWLE
WEEH O H—F CICRY 722 SES1 -tk R DTB-
IIC ADOITHERBREZITo 7 fER, M TIRENEZFICKT
L, G0 < FRFEEO AR SAL, FA AFEMBPKIE
ICHEOND 72 &, dE R O BT K B BpEE O TR ]
EHERTE, L 2AN, BE S0%E B THEMEE5
&, W, b EERMIREE MR ITIIMIIKT L
(Amano et al. 2025).
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FRE RIS 1T DI T=NERT Y bR —5F v
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SF o bO VY EEILT 72T TIHFICHEIITZ S,
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T MR B & OWIHEE A2 OB % 3D O FEM 5 /L X
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LALER/S ST 5. Table 1 (A BN A, Table 2 (2444
Btk & 2o~ d. 72720, AV bR UEIZA LGSz
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Fig. 1(a)lCBijko> DTB-IIC D2 UED AR A, Fig.
1T 0°~180°NL & F Tha U JE 4y D FARFAY A FEALE I
B s UUWEBIRE #2713, 22T, £5&AQALHED
JE B E#EB %, Fig 1OIRTE B ez BERTILE S
hRCEIVESRFRLEMEEHETDH. Tk TOM3E
(Shinbutsu et al., 2018; Amano et al., 2024) TiX, B=50%D
DTB-IIC .4 A4 AT UClriEd 5 &, 4 URmITHBED
FAEL, MTIRENEF O STB LV b RIBICELS 20, &
A AFMICEEBL B2 52 L0RENTWS. ZORE
IR DI CHERFTIEDL, a2y FEMBELD D
B L, AR E STB ORICTE S ETESTH 2 L
T 5. Hifk (Amanoetal.,2025) TiL. B AL 50%. 60%.
70%@ DTB-IIC (4 % DTB-1IC50, DTB-IIC60, DTB-IIC70 &
FES) OERIEN TR % e U7z f5 R, R B 2% 70% 0
& FRROMBEN BRI END Z L3 ootz L
L. B S0%EMA D&, IRENCXHT DRSPS
MIETTHZEBHB L, ZZ TR TIE, Eit 3

Table 1
Chemical composition of 4CrMo4 (mass %).
Fe C Si Mn P s Ni Cr Mo
Bal. 0.33 ~ 0.15 0.60 < 0.03 < < 0.90 0.15
0.38 —~ —~ 0.03 0.25 —~ —~
0.35 0.90 1.20 0.30
Table 2
Material properties of bolts and nuts.
Material 34CrMo4
Young's modulus [GPa] 206
Poisson’s ratio 0.3
Yield stress [MPa] = 900
Tensile strength [MPa] = 1200
Hardness (HV) = 300
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Fig. 2. (a) Shape and dimensions of M12 X 1.75 DTB-IIC specimen [Units: mm],
(b) mating details for two types of nut in DTB-IIC.
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Fig. 3. Shape and dimensions during mating between
DTB-IIC and inner nut [Units: mm)].

Table 3
Design values of parameters in Fig. 3.
@ [mm] & [mm] y [mm]
DTB-IIC50 0.54 0.30 0.44
DTB-TIC60 0.64 0.30 0.33
DTB-IIC70 0.75 0.30 0.22
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Fig. 4. Appearance of experimental apparatus for DTB-IIC
thread rolling.

Angular
position

60

Angular
position

60

(b)

Angular
position

60

Fig. 5. Comparison of outer appearance of thread-rolled samples and cross-sectional profiles at angular positions of 0°, 30°, and 60:
(a) DTB-IIC50, (b) DTB-IIC60, and (c) DTB-IIC70 [Units: mm)].
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Fig. 6. Comparison of mating conditions for different DTB-IIC
types and inner multi-thread nuts in experiments: (a) DTB-IIC50,
(b) DTB-1IC60, and (c) DTB-IIC70 [Units: mm].
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Fig. 7. (a) Junker fastener test bench (J121, Vibrationmaster) and
(b) schematic diagram of main components.

Table 4

Junker vibration loosening test conditions.
Initial axial preload: Fy [kN] 20
Amplitude: A [mm] 0.8
Frequency: f [Hz] 12.5
Total number of oscillations: N 2000

A N F R O JE IR E (Satoetal., 1985), 3) 7R/L M
J8 0 D3 0 EE (Sakai, 1978; Sato et al., 1978), 4) fEjE
i (Koga,1969). ZdDHH, r—RA1IZLDPDHHITL
ERGTIIMEE 2D Z DL, ZOFE—FIZXHT 59
2 PR 2 BRRET 2 T2 DIZBITE IR TR LTV DRV b -
Ty bR EBRIET A2 NROEDHHE L LT,
NAS3350/3354 1ZH| % NAS RIRENFER &, 1SO16130 8 LY
DIN65151/25151 (Junker, 1969; Pichoffetal., 2018) (ZHEHL L
ey —XIRERBRO 2 FEN H D, BHFIL, AL M
FEIRIZ & > CTREBOHIT 2 D OEENC x5 H iSO
RERCTHY, BIE LI L. £ 2T, FiRlOAF
%¢ (Shinbutsuetal.,2018; Amano etal. 2024) & [RIfkiZ, ==
J—ikBr 7z T, 3 FEO DTB-IIC & > b Ok S
DFRESRBIIEMERRIC 5 2 D%, FERAVBIZE L FEM ¥ 3
2l—va ko THELE.

Fig. 7(a)l%, ARAFZECTHEA Lz b —R bk

(J121, Vibrationmaster) Z -~ L CE Y, Z 1L ISO 16130,
DIN25201-4 (, ¥ X ULAETO DIN65151) HUASIZHERL L T
¥ (Pichoffetal., 2018), #ifEEDME CESA (BArTmy
7)) MERE A FETIZIEMEICFHI T & 2. Fig. 7(b)IC Z D2EE D
FEROBEXX 27T, BRFIIUTOLEY THD.
F9, BEANIIL (Hv > 300) SR BT v vy —
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Fig. 8. (a) Spring washer installed between inner and outer nuts,
(b) load cell inserted between inner nut and SW.

DTB-IIC

Inner nut

EFEND. GP lTu—F—x_X7 Y 7 TERFEhTnwbiz
¥, SB £ OMOBEEIIME X 5. ERIGE & HIZ, GP
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FARIREEN S BLE DOV A 7 VR B 5612,
BIXASICEETS.

ZOEEETIE, AN S OWEET M TR EFy, GP O
FMZENIRIGA, IREVERES, o L OIREFAEN (AfFY
AINE L TR EERIHET DI LN TE, AT
BRELEENSLDOEMA Table 4 (2R T. FylZEMH I
VY 20kN IZFRE L72. ISO161302015(E)C &% &, Alds v
TFy NTROATIZEEO Y 7 v bR bR, 1R’
BHEFN = 300 + 100H 1 7 L Crafmi B LkT 5 (EE
W7 0%) EMNEEHESNTWS., TIT, ARl
MEERNERREIT S TMER, Fy = 20kNOFEILS =
0.80 mmC, i H OBEADOSM M= S 7= (Amano et al.
2024). f=12.5Hz [IAZEE TRIE ATGER K b LWRIEET
HB. N=2000 %1 7L (£ 160 #) & ISO161302015(E)IZ
HEINTW2S (Pichoffet al., 2018) .
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SMEIT > R ERKEOTT D EENEIYD LTRSS T2 DA
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72012, Fig. 8@ITRT L HiC, Wy by o
SW ZakiE L7c= o —iREhD 5 3k s Fi L7z, Zhi
eV 7T 7Y —2& BRI e LTERL, > M
NSRRI SR UHEICE®A Lz, 4 To DTB-IIC B A 1Tk
L, [A—4MC 3 EFD Junker iR & 1T 7=,

IHIZ, Why EsF v b, 50T Fig. 8OITRT
KXo F >y hE SW Oicr— RE/LEZH AL, Junker
RETOZOMOBEMS (Fy N EFRT D) Pus®
WTz. 2720, vm— NEeAEFEHT AL, Z0OF

Outer nut

Fig. 9. Schematic diagram showingnut preload P ¢s-



KITEOBMRND, FyZ ISKNICERE L. PuslE, 44
v MEFEAEE % O jammed locking state DR % Il 2 HE 72 5
EThHO, 2O LT Fig 9 ZAVWTLUTFTO L S IZHA X
5. ZORIL jammed locking state (2315, Rk, AN
Sy b, BEOGPIERT 287 MO I1020 G0
RLTWD. Pepld GP EWNT > MNEE O O], Fiou
NDTB-IIC DR CIWAET7 T 7 EWNF Y MRCILWETZ T v
7 D&MD), Fopue’S DTB-IIC R UL T7 Z v 7 L4k
v MAUCIWE T 7 v 7 OREMETH 5. DTB-IIC (R/L 1)
DEYFTE DD DBV

Fy = —Finue + Fonut ()
STy OB OO ) H VG
Pruts = Fonut 2

K1) LK@ H

M12 DTB-IIC:
Bottom and side
surfaces are

fixed completely.

Glider plate:
Bottom surface is
constrained in X and Z directions
and oscillated in Y direction.

(a) } 10 mm |

(©)

M12 inner multiple
thread nut

(d)

Finut = Pouts — Fm 3

L7eh o> T, Fyl3BEE (15kN) 720D T, Py DA RKE W
EEFpue P REL D, 7y X U ZIREBITREIC R D729,
Inha XS OREZBIEEL 5.

BEBREZXRETIVY

Junker ER D (f65)) =R FEM TV EMEZE L, 44T
v N OFEASIEFERS, DTB-IIC OB 1L OPEREIC K & 722 B
ERIEFTOSN<50ICB T L2UHEAOBMBEEZ I 2 L
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Fig. 10. (a) Three-dimensional FEM simulation model without SW, (b) three-dimensional FEM simulation model with SW, (c)
helical structure of DTB-IIC thread, and (d) helical threads of two nuts, GP, and SW.
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Fig. 11. Boundary conditions in FEM model: (a) adjustment of gap &, (b) tightening process for outer nut, and (c) loosening

process.

ZO%E, FHEREMAE < 720 3 X CERAMTIZZR . Figs.
10(a) & 10(b)IZ, fthOBFSE (Izumi et al., 2009; Noda et al., 2022)
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BHOBS Y I 2L —a v ET L E{ART. ZRAHD
EF VI Figs. 10(c) & 10(dIZRT L 912, #5% DTB 7 7
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2% DTIB-IIC YaA v bOSRL ENRLDEROLHE
ATRT 7 ANVEFHBICEE LTS, 72720, 20 FE
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IHELERMNAS LT, Ty Mo RRETRET S 2
&m%<&@,¢&%%ﬁ#5%w%%ﬁ@ﬁm~@ 2

JNFEAEEN ST, AV hET Y FORLOEDEERS
f/%®ﬁxﬁﬁa TRCOFEMRT T —a B
BHIDMESH, BT LI XN LTIET STy
2 EDNBRA Sz EBRTITEEAIE LT MoS2 ~X—X |k
ML, BEEMRE 113 0.05-02 OHIPHTH D LRESH
5. LIEeR->T, Aalm& Ty bOfZmEOE ST T u=0.2
ICREL. AfEDY I al—3 a2 u=01CETL-
0, EMERICEEETEN ST

Z® FEM ET VT, HBild 2 PR\WEEDFEHGIRRE %
L, MITHEZMET D202, £99MUT > - 2#F
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Fig. 12. Experimental variation of residual ratio for axial load x
with number of load cycles N in Junker test of three types of
DTB-IIC without SW: (a) DTB-IIC50, (b) DTB-IIC60, and (c)
DTB-IIC70.
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Fig. 13. Experimental variation of residual ratio for axial load x
with number of load cycles N in Junker test of three types of
DTB-IIC with SW: (a) DTB-IIC50, (b) DTB-IIC60, and (c) DTB-
1IC70.



Table 5
Comparison of k| — so, Ak; and kg values for each type of DTB-IIC in experiment.
Bolt No N ys0 Mean of Mean of xf %  Mean of
specimen % K| noso % Ax; % K %
DTB-IIC50 1 92.8 93.7 6.3 9L.6 92.1
without 2 95.6 94.6
sSW 3 92.8 90.0
DTB-IIC50 1 96.6 98.2 18 96.4 96.7
with SW 2 97.0 94.5
3 101.0 99.1
DTB-IIC60 1 85.0 84.1 15.9 68.0 72.9
without 2 82.7 76.2
SW 3 84.5 74.5
DTB-IIC60 1 927 90.1 9.9 80.7 81.5
with SW 2 90.0 84.6
3 87.7 79.2
DTB-IIC70 1 93.1 87.9 12.1 65.7 63.9
without 2 86.1 59.6
SW 3 84.5 66.4
DTB-IIC70 1 84.5 86.8 13.2 74.3 74.7
with SW 2 86.9 73.1
3 89.0 76.7
Table 6
Comparison of initial Py, for each type of DTB-IIC in experiment.
Bolt specimen No. Pyt kKN Mean of
Pout: KN
DTB-IIC50 1 28.3 295
without SW 2 31.4
3 288
DTB-IIC50 1 35.6 35.2
with SW 2 31.1
3 39.0
DTB-IIC60 1 20.1 20.4
without SW 2 20.4
3 20.6
DTB-IIC60 1 25.0 233
with SW 2 216
3 23.2
DTB-IIC70 1 15.0 148
without SW 2 15.8
3 13.7
DTB-IIC70 1 14.8 15.4
with SW 2 12.5
3 18.8

(50 YA 7 V%) OFRFHES, Ak = 100 — k| y=so : PIHID
DI, ke BAFRATENIR) Off%E, 2 TOMIHO DTB-
IIC (25 L CHe#kd 5. Table6 TiX, Fig. 8 IR Lz v
MEC e — R ZHA L TR LMD, > NS
Pouts D WIHME A 2FEFE D DTB-IIC 2%t L THlk+ 5. Z1
HOREYD, WTFNORBRT BNIZHT deDE I, 2K
BN a3 S B Z E RN 00n5b. Tkbh, SW OfF
IZL T, kOEITE T, BBRHG2HN = 50F TOMIC
A T2 ZRERATE L, £ LCN = 200-500% THisi L, =0
BT T ETIRE—EME RO, HDHVITERICD
S VDT D, FORER, WFho DTB-IIC THflI
HRIEOME LN = 2000% Th7a< &b 60%LL EREAF L,
ZHUTRIE T B I1SO B O rating-2 OFFMAEYEZR T E LT
W5, Lo, BRKE VT ERIIRERAK;, & Ok —iE
fEIC7e D ETONBKREL 48D, —JF, Fig 13137 L9
W2, SW T2 Z L2k 0, W op T b #IHE Ak,
D L, ke OBIMTBNRRENIZEREL, b,
DTB-IIC60 & 70 DAL, FEAEPTIARD T Y 238 &
TN EL o TND.

Figs. 12(a-c)7> 5, SW L DA & MiH < BARBIC gk
35 &, DTB-IIC50 (B =50%) O%HEIE, AwiDs 7% T &
INE L, ZOHKIIN = 200 TIEIET—EEICELTWS. £
OFER, kORBMEHET 0% EHY, ZHIXRHF Lt
7y 7 @ifEE R ISO ICHUE STV D rating-1 DR

A= LT\ ad,. Zhickt L, DTB-1IC60 & DTB-
IIC70 (B =60%&70%) DFAIFAkIZ10%LL EH D, %
D% B KrIIN = 1000 F THRITHD 2T, S HIIN=
2000D FAEEPE E THOT T DMl ATV D, FFIZ,
DTB-IIC70 ®ON = 1000% TOxkOHBDRITNFH b 30%LL
EHV, IR TIEFICRE V. SBIT, BT HIC
oh, B L ORI DO NT Y R REL oo
TS, 7272 L, ke D Fe/MEE, DTB-1IC60 D355 1) 68%,
DTB-IIC70 DA 4 60% T, ISO (ZHE & 4TV 5 rating-
21FE L TWA., b OfREROERFEREIE, Fig. 6(a-c)
IR T XL 91T, 4 DTB-IIC DAL FEERUHEENT » b
U I OHMREE (FrizBibmfgy) ICERL TV E& X
bivd. 720 bh, Fig 6()IlRd & 91 DTB-IIC50 D3
BlIyB LV REW (JBAW) 728, RV bRCilE7 77
EWNT Y MRUINET T o7 L ORBEMENE R L, A

(Amano etal. 2023) T/ L72 PR EE OFEREIREE (jammed
locking state) 1272 0 0TV, & ZAN, BBRREL 8D L,
y/NE L2, F DR Table 6 12777 &L 9 12, locking force
DRI L 72 DR D Py BB LTS, 2z,
PIZZNKLOFERARIEDFF < 72V, A (TN L, 1 MK T
5.

Figs. 13(a)-(c)& l#z 95 &, SW #f7+ v MIZFAT
LZLICEY, WTFRDOBThi BMER L, A DN
bz EL, Zom EOEIGIEpBRREVIFERE V. A
RENIZI, K OHINR TV TH 2 DTB-IIC50 T 4.6%,
DTB-IIC60 T 8.6%, DTB-IIC70 7% 10.8% T 5. £7=, SW
ff& @ DTB-IIC60 & 70 OLEITIE, FEAEHTFRO N T
VENNSLKRY, KOLRELTEEREDHEDHRTE D
X2l oTnd. &51Z, DIB-IICT0+SW TiX50 < N <
100012351 D DY D3 KIEIZHH] S dv, FERANC ke DY
MEPRFEBREL R->TWVAE., 2O X ) TR DI
FOFFERIILTOLIIZEZOND. ST v N ORERERE
12, SW AL MNlfE v IzEEs T2 2 & e < HIZER S 4,
ZOFERNT v MTEE Y AH S, BEicEisE OF
@ik (GP) Jim) ICBET 5. Thickv, WFy bRl
(Y e N\ VIR AUV shrr AV A i QRS
BT L, PSS < 20 oF . MR, S
kN OKERETE TRERC, & DREEOBEMEES SR I
DTB-IIC50+SW & DTB-IIC60+SW Ti, L ¥ 7#i[E 72 jammed
locking state 23R S L9 < 72 %5. —J7, DTB-IIC70 T
Iy M EE AU S WD, SW OIS L 0 WG IR A
DiZEALEES NN E b D, EBE, Table6 TR
X olg, MREEAVOREE L 72 D Pyysfll, DTB-IIC50 &
60 TiX SW DOHAIC LV #EFITHE R L T 528, DTB-
[C70 TiE, ZEMHETHD I5kN IZITVMEIZAR - T
W5, LaL, FIHEAICZ VT v R TAICREY E
BEL72t2 b, SW I T v M&FEOMT HFmICH LA,
jammed locking state ZHERF L°9 <725, 2B, FRIT
DTB-IIC70+SW DA1Z, 50 < N < 10000 M D Db 73
MR SRR TH 5. U EOFRRERET H L, DTB-IIC
X, SW OFEHIC IV BPOHWREY, jammed locking
state MEH LT 2B720, BICBRZe KV ELEE
L7zkBA LD HRER R DN D Z L3y Tz.
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FEM fi##frCix, 7 b offEfH i@ &, DTB-IC DIk
BRI BT D, N < S0DHIHIRE A OBFE S fFAT
Iz, Fig 141X, ZORBRICEBWT, AV MRS
EAOKVIELEAWMELZZ T &0, FEEVICE
DHETe A D= A L& /RLTWD (Yamamoto and Kasei, 1977;
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Fig. 14. Behavior of bolt and nut due to transverse vibration:
(a) neutral point of bolt, (b) right dead center of bolt, (c) right
dead center of vibrating plate, and (d) left dead center of
vibrating plate.
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Fig. 16. Variation in residual ratio for axial load x with Fig. 17. Variation in residual ratio for axial load x with
number of load cycles N in Junker test of three types of DTB-
IIC without SW in experiment and FEM simulation: (a) IIC with SW in experiment and FEM simulation: (a) DTB-

DTB-IIC50, (b) DTB-IIC60, and (c) DTB-IIC70. 1IC50, (b) DTB-IIC60, and (c) DTB-IIC70.

number of load cycles N in Junker test of three types of DTB-
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Fig. 18. Equivalent stress distribution in thread mating state for DTB-IIC and both nuts without SW: (a) DTB-IIC50 at top dead center of GP,
(b) DTB-IIC50 at bottom dead center of GP, (¢c) DTB-IIC70 at top dead center of GP, and (d) DTB-IIC70 at bottom dead center of GP.
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Fig. 19. Equivalent stress distribution in thread mating state for DTB-IIC and both nuts with SW: (a) DTB-IIC50 at top dead center of GP, (b)
DTB-IIC50 at bottom dead center of GP, (c) DTB-IIC70 at top dead center of GP, and (d) DTB-IIC70 at bottom dead center of GP.
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