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Abstract

Evaluation of bolt tightening plays an important role to keep a performance of a mechanical structure. Lack of the fastening
force induces slack and falling of the tightening bolt. Excessive fastening force induces a plastic deformation of screw thread
and causes the decline of the fastening force. Therefore, guarantee of the bolt tightening is an important subject in order to
secure the mechanical structure against unforeseen accidents. However, most of preceding studies are restricted within
qualitative evaluation of the slackness. In the field of industrial manufacturing, quantitative evaluation of the bolt tightening is
strongly required. In this paper, the authors propose a technique for quantitative evaluation of bolt tightening, and in this
technique, the flank of the screw thread is assumed to contact through a contact stiffness. The transmissivity and reflectivity of
an ultrasonic pulse wave through the flank are derived as a function of contact stiffness, and the contact stiffness is capable of
being identified from experimentally acquired amplitude of ultrasonic pulse wave. The contact stiffness is quantitatively
identified and the surface pressure on the screw thread is estimated by the identified contact stiffness through the results of the
preceding study. The proposed technique treats an ultrasonic pulse perpendicularly transmits a fastening bolt, and is applied to
an experimentally acquired ultrasonic pulse which enters a side surface of nut and transmits a bolt-nut fastening element. The
identified contact stiffness is shown to be adequate for the given fastening force to the bolt-nut fastening element, and validity
of the proposed technique is demonstrated.
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S E OB H D, 2 SITE T ORY 1172 EOMTALE R FIZ, BIfGE TRV N &G A RS
ROBNFFE N FRNCHL BN R DGERH 5D, FTo, FifEBOBE~E %‘faﬁ’:&f&f(Argatov and Sevostianov, 2010)<°
B Pi(Jalalpour et al., 2013), RO B0 H(Mori et al., 2020) % AW TR 2 HIEBIRE SN TS, LiL,
FERGES ORI, BRERICHBIND T2, Hx OFMFIZIE CT-f i L2 8N T 5 R 5 5.

TR L, FHEOITEEE VARV MBS L, & OREHECE B 2 2D TR IR AR & 69
%I EE B LT (P, 2019), (PR, 2022). = OTFHEIIAR /L MAlEA~BEEE OV 2 2 52 E TE D570 5
i, R FORICH 22 T IEE oM 2 ATEE & L, fiE Cli & LA, £, EEROMKFEE
W DTS 2/MEARL RDGETYH, BE L 2 OBRRFHIRENLGE 1, 2015), GOF B, 2016)ICFB T2 2 &
TRRARHENARETH D Z L E R LT,

— 5T, BEHLOWTEZETS < DIATIIIEE, EROFEOAT BV 27154 BRI E R 7k 7 5
liT2HDTHD. O, BV MAEIZEET D EEFHMEAR < EEN TN D.

ZHUTKEL, AR TIEAV DR U ILT T > 7 OBl 2 Befilfill14:(Kendall and Tabor, 1971) TET /UL L, #
fild P 2 T BRI 5 IR 2R R T 5. FE D OSATHIR TIE, BER VLV A OREL BRHREN) O fE%t
BAIZHER Lizns, AT SV AOIRIBIZEH L, UL o Bibiit: 2 E &k s L 0 Th
5. FOEOIZ, RUILT T 7 OB L 207 5 0 7 TOBREROFEERR « KNROBWRZ2#£TXKeH-
WZEHET S, ZoBFBRICEY, RUILTZ 772N L TRV M &G LRSI OV AORIEZREST D 2 &
THAMRAIEZ [FE TE 5. AV N O#EORIEIZ L VA EZTHIT 5 515X, #HEDIZRRI72 N LA e 2
EMBDR, BEFEIT TN A LT LTSGR 2 T (11 57200 THlgmfiifEIc i cx 5. AMFET
IRV b EEEISERT HEE L AEZRREE L, —fFlE LTHRL N —F v MEEDT > M~ 55
BRAAT . HEfE ML 2L SETARL b —TF v MEEORUILT T o 7 S 2 & BRI FE L, REmED
fifT BT DS E RS 2 L TIRETFEORIME A FGET D, £z, A =Ty MEGTIEAL ME
FFIE DRI D5 AR 2155 Z E N TE D720, 2RV Mg bR TE A REMNH 5 2 & b

2. REFZORE

2-1 RBEFEOHME

1 3R b =T MifE O RBE OB TH Y, X575 (Transmitter) 2> 5 22 AT I B4 S 40726
DEBEPE SV ADR, BV bk ZdiE LT E88 Receiver) ICE AEEZ 7R, AV MfEIC L W AU 280701%, &
LCES7 T 7 (Load flank) IZ/EH LilFN 7 Z > 27 (Clearance flank) ~DVERIZ/NE V. RV~ Ofiks 7143
LEIENT T 7 TERL LD LIPS EAL, [ENT T 7 TOAFEOFBESENT 5. 20k 5 7%
PR OB B 2 RTFEEO —DIZHARIMEN & 5. BHMF T4 UILASRHZEEEE & KA a0, Zivh
DIRNE Z 6D 5 1B « RFTRITAS A -CRfI M i U T2 LT 5. £72, Fil, B OB IRk
(Longitudinal wave) 7> &1 (Transverse wave) & % W NIEEE > HRERE~DE— REBPET, T— NEHE OFHIR
oo SRR ANHA LRI SN S, 2 U I CHEEORERIZ 3 I8 VA 1E, E D% bR
DR E BB ZRRTHRL F2iEilE L2 EamTHESND. 372bh, ZEROREIZRCILT T v 7 TORm|

Bolt
™ — Longitudinal wave
Clamped part Clamped part | —> Transverse wave
— — —— Load flank
Transducer — | l} ’ i > - Transducer Clearance flank
(Transmitter) _4} — (Receiver) 2% Axial force

Nut ~ —'—

Fig. 1 Basic concept of the proposed method. A pair of ultrasonic transducers is attached to the side of the nut facing each other.
Transmitted pulses which pass through the screw thread are affected by contact stiffness between the bolt and the nut.
Fastening force is evaluated via the contact stiffness which is estimated by the transmitted pulses.

[DOI: 10.1299/transjsme.22-00300] © 2023 The Japan Society of Mechanical Engineers



Inoue, Kadowaki and Sowa, Transactions of the JSME (in Japanese), Vol.89, N0.924 (2023)
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2, T ZTIEHAL b =Ty NEEREO RSS2 T D AR L A ICIRE LI e L, atihr 7
VU OEERE R 2 \RT 2 IRTTOEMTET LV EE XD, FEBRTIE, HEN, ZEWROFHERK VAT T ¥ 7 4 —
R EEICD D 2 E COMOBWEEBT S, 7T 07 OBfilmITy =0 DMEIZH Y, y BB LD
IEORI O PEIERIBVE 2 2 N ASHAYE A B L OWERMIBYE B &35, BV A & B OB OBEARINES, Bib
A FEE R TR ES k, & BRI AT RITRER k, TERIND. 77 U ZICAR LB ERIIR G
(Reflected wave) & ZiEi (Refracted wave) (2237031, SKEHE & B OZFNEUTEB DT HIHER (L-wave) &R
(T-wave) (ZH 5. [X2 13 xp Vo b CHEET 2 AL IS A L7 BER O %8473, 00 13 AM A, 021
HEWE &> B\ IR OB, 07 13N & 2 W O IR 2. ASHEE (Incident wave) 236N & R o &
HHTHoTh, —HRICHEE DR, 25V DHEE~DT— REHNAE T, O & @I s
FOMEIIC A 2D, VB A B X OWYE B OFEEEH, BE sz Zn2ie, cr BLWel, R 458, &
BOHEITH NI AR NVOEAIN G (1) DX HcRENS.

sin@° _ sin @' B sin 62 B sin@? _ sing*

0_ A A 1_ A 2_A 3_ B 4_ B )

0" (n=0,1,-,4) DIEE % xy FENOREAZ ML p" TEL, A5OSR 5 BRI 4", f
IR 0 IR L > RARBE o THEITT 5 L5 X 5. - ORTEOEIC & 5K w = [u? u?] 3K & 5
CERSND. d" RS IERTEAS ML, x Ty TENOMESS M, 3R, j 12t 5.
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o] ol 2w
u, c
yA P
Medium B o4 Refracted T-wave
edium
Sound velocity: ¢, cf e )3 Refracted L-wave
(0] > x

Wmfgoéwwgﬁ;x
Medium A
Sound velocity: ¢, ¢4 7

P’/ 9° 02 o Reflected L-wave
Incident L- or T-wave P Reflected T-wave

Fig. 2 Direction of incident pulse, reflected pulses and refracted pulses on a boundary interface. The interface is modeled as two
kinds of contact stiffness &, and #, , which are perpendicular to the interface and parallel to the interface, respectively.
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RENGRIOBALARY hvd" X, g7 5 ME8K SRR TH Y d'= p", B2 5B SREO T miE
HAZLA" p"=0L725. K21 T n=0~4Dm&Dd", p" 1IZLLTFD L T/ 5.

Incident L-wave :  d°=[sin#°, cos6°]", pO: [sin@°, cos°"
Incident T-wave : doz[—cosé‘o, siné’o]T, p0= [siné’o, cosé’o]T
Reflected L-wave : d1=[sin91, —cos@l]T, plz[sinel, —cosHl]T
Reflected T-wave : d’=[cos8?,sin0°]", pzz[singz, —cosf°]" W

Refracted L-wave : d’=[sin8°, cosd’]", p3: [sin@?, cos@3]"

Refracted T-wave : d’= [-cos@ 4 sin@* ]T , p4: [sin @ 4 cos@? ]T

FHWOERLT &> T 2 OFEfkIE y = 0 12Ty HROREEIS S ), & xy FENOEAWIS) o), BELD. 7
v 7 OFERINS 2 HIER (5) oLHickREIND. P 0 FHE s=A HHVNE B OTAEHTHY
V=g [(F) 2| OBER DB, k0= [of IBAEEIIST B HEN L B OTHI Th 5.

n n n n _ _
L SRS Y i B ] L S )
> Ox oy ” ox Oy s=B for n=3,4

Pl CIIEE A & B DISHANERETH D, T DISHNTIER DOZNLFE & EMEINEDR O 72 57280, 12
fili by =0 TORBEIAECLHEENSS), AW & ZAIZITLL T ORIERAL Y S5,

0, 1,.2 .3 4 0,1 2 3, 4

{ uy, fu, ful —ul —u;, _(Ty‘c+7'-vx)/kl’ T+ T+ T =T T, ©)
LR I S B 3, 4 0, 1 2 3, 4
U, tu,+u, —u,—u, (Tyy+7yy)/ ks Tyt Ty T T, =T, T1y,

BERIE, R (3) 1B D AR ORIE A° 12592 HEM SR OIRIE A' 5 721350 SO O IRIE 4° DT
HY, RMP=AA 713 RAB=A/A° L sn 5. BT TA-B) I3 A 2> B B Ik 25U £ L,
FUT TL-L) 3HEE DREE~OE, TL-T) 13HE% SR ~DOR 253, Rk, @@k, 4o+
DHETRIE ORIE 4 £ 721 B BEE OFIE A O TH Y, TAB=A)4 13 TAB =4/ A LEmIN 2.
T OOBYE N ERITERT 5 SR C OSSR LRI T H 5 A3 (Achenbach, 1999), ANHFZE Tl sl %
LU TET RS (6) 1 FTORGEEFBEBREFT-ITEHT 5.

WEWB TN AR T25E, E A 25 B ~ORKERLEFBEIL, X (4) Td=[sin0° cosd’]",
p'=[sin0°,cos0°" THHZ LEEEL, X 3)~(6) NHLUTFOEN FRAAML =L TR,

_ B i}
—sin@' —cos6? sin 6° j(ﬂ—j( )sm2193 —cosd +](ﬂ j(ﬁB)cos%’4
k; k, J\ex
B\ @
cos @' —sin@? 00893_J(k )( j(/( )c0s204 sin04—j(’: j(—Bjsin204
Ax=b, A= N RN
sin 20" K" c0s 26> ('H—Aj(c; Jsm 26° —(’U—Aj (C—Iéj cos260*
Mo\ Mo J\Cp
2 , w2\ e 2 LN .
—(k") cos20* K"sin26? (—A)[—%)(KB) cos26* (—A)[LB)sm 204
L JT AN ut I\ er i
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Nut Bolt Nut
\ Path #1 \

— Load flank
Clearance flank

— Longitudinal wave

\
|
1
i ---% Transverse wave
,,,,,,,,,, il,,,,[,,,,lzan#Z[,,,,,,,,,l,1,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
—> T} )| J
0.75 mm | b > i Ar]/|A
1 | 1
VJ/ ‘v at | JL X Path #4
10.75 mm’]
i ﬁ |
) '3075mm¢:
A | —> —> 1
Path #5 A‘\‘ ' ! Path #6 ¥
0.75 mm i

Fig. 3 Transmission paths of longitudinal incident wave. The width of the wave is corresponding to the two pitches of screw
thread. Paths #1 and #2 are straight forward without mode conversion. Paths #3 ~ #6 include reflection accompanied with
mode conversion, and path length is longer than that of the path #1 or #2.

o TRIMAD 7 T o 7 BRI S ERIT S, BRE#3 TITER 7 I 7 TRE LEHT7 T 0 7 BT 5 01Icxt
L, #&E# CIIEN T T2 7 TRE LIEQRT T 07 #diE 5. F7, 4S5, #6 TIL, AV b adkid 25
BEDT— REHA LD RV L 5. BREE#S TR T T 0 7 TORKE, [EH7 507 %58 L, FRE#6 13T
N7 T2 TORSHE, BERNT 77 #EnT 5. T— NEBROFEIZED LT, RE#H~#6 &l Lz YL A
BIXT_THER L7220, ZNDRER-T-EER E L TRESNS.

X317 K D1T, BREE#L#2 O SITRE#3~#6 L0 EL, S OHITREE#3I~#6 3R TH OB W D&
FBaEEATND., ZOID, RE#, #2 2057 OV AP ITIREEH#~#6 285 VLA L0 BLZESh, ok
B#l, #£2 DRIDFELNZ 0D 2D DOV ARITFRICSZE S D, [FAERIS, RREE#3~#6 2105 L AW
BATHFICZESND. 22T, BRE#, #2 2o TRIICZE SN EE ULV AR EZE 1 I, FIEH#H~#6
Tl TN TG SNDEE VAW Z 5 2 3% & FES.

7ok, BERESVARITIE, B3R LI ERRRICHEAT 3 AR 0 DML THER T 2 B DA ET 5. Z DRk
H3E 2.4 BORTIEBER R & WV O TR TR RV, FARRERMATIC L D8 IV AFEOERE Y I 2 b—3 3 UIT
IV RMLS. 7, Il —yalfRICBOTH, AL b J i T 3 1SR 6 DO AT IR N
IWADET BRI TH Y, JEBROA /L M CHEHMEIC ST 2 503 2 b ORI 2 i3 2 B L

AN KRE IR BE 527202 LB MER LTV 5.

2-4 ZEROERIE

Bs#i (i=1,---,6) 2> TZESNDHBEW UL ZADIEIEL, SFRBEORCINT T 7 TOHBER « R
(RSN D. 22 HiITHRNE L DICZ 2 TIiEA =055k, L9272, X (7)), ®) »oRLT T 7 TORE
R, P & ARV O BIRIE, BRI CEEME L, ORUKTFT D, k, ZIENT T 7, IEOT T 7 TER
ZrkE, kS LRET, EHT T 7 HDHWVNIERT T s TOFEBRE, KERL, X (7)), 8) Ok, ks £7-
TS LEXHEZ TROONDS. LENST, ALINT T2 7 TOREER, FRRITLS &5 0NT kS OIHBEK
L%, B # A2 EET DEEOKER EBBROEE G(kh k) LT 5 &, TNOIFUTFOL Y iIckENS. =
T IN-BJ 13Ty b BANL b~OFRETIIS, BN IRV Ty ha~OFil E 713N 2 £ T

Glky ey ) =T )TN (k). Gylky k) =T ey ) T ()

no

Gy(ky ey ) = RYP (k) TP (k) - RED (R ) - T (e )

Gylhy k) = R (kD) TP (kg ) - R (k) - TN (KS) ©9)
Gs(hy k$) = TP (k) - REY (hS) - TET (k) - Ry (S

Go(hy k$) = TP (k) RET (k) TEN (K ) RYP (k)
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BT, EEFH VAR OEIRIZLL T O 2 DOBEHRICHEBEIND.

(1) B3R LW BT, 85 UL ARKRO ©— LRI 5 8 E#i DRSSO 58S, Z0EE%Ey,
ET 5. AFEAADO B — A8 6 mm 12K L, FSREOIEIZX 3 ITRLZL 912075 mm THDH. 2 By FIEIC
#1,#2 DIRFEITA 2 A, #3~#6 135 1 AMHET D, LI -> T, g3l Fo Xk oicksns.

M= (0.75/6.0)x2=0.250, 75 ¢ =0.75/6.0=0.125 (10)

(2) 23 SiTHBRZL DT, BEBRICITEERE ) AL TRO T YRS 2 B DMEET 2 71205
SREME T 5. ZOBGUIEBERK EFFTH, T e BT 512 DICBEE#H | OB S OV 2B ORI ICHEHEE
T/ Hd, 2S5, dATARERMTY 7 b =7 2 HWTHEET 2. BARAYRfIIE 3 =Ttk ¥ 5.

ULDOBEREZBET DL, 2 By FIRITHRIE W, TAST Lo R VAW, ## @ 218 L 7-1% OIRIE w,
FRO LS ICRSNS.

w; = Wyn, d; Gi(kL kc) (11)

n>"n

AWFFETIE, FERCBUA SN RRIEH#L, #2 2B 725 1 JOIRIE & RIE#3~#6 Z 8- 7-5 2 I OEE., =X
(1) MHEHINDE 1 EOWRE| w+w, | &5 2 WOMRIE| wy+wy+ws+wg | I T—BT D800, EHT7F07
OEFRWE kS &N F o 7 OfRAIE kS 2RET 5. X 11 F10G (kL kS 13 ks, kS OIS L 725
728, kL, kS ORIEICITEAER /248 0 R LFHEBLE L 72 5.

3. R

3-1 KEREE

RETEEZ M24 BV b—F vy MEEERICERT S, AV b EF vy bOMEITE b2 TS x5
(SWRCHI0R) TV, HEHOFET V2 252 TH M7 1280 2RI 2 HET 5. 22T, ALrv ke
v NOME, 72bb, ANFHHUIA &FBR B OMEILF—Cb 5 72, fith, Bk OFH I =P =c, ef =cf=cr,
FAERI p = pP=p 2%, ZHEDEER 1ITRT

Table 1 Material properties and diffusion loss coefficients of the bolt and the lock nut.

Sound velocity of longitudinal wave ¢, (m/s) 5960
Sound velocity of transverse wave ¢, (m/s) 3250
Share modulus x (GPa) 84.1
Diffusion loss coefficients d, , / dy 0.86
Diffusion loss coefficients ds 454 / dy 037

YIEFEROMAX TH S, HERD Ty MIEF SHBER OVAZ T > §, AV h, o b EisER
LCHERTZEINS. 77, 23 SiOBENE LA DFEREITAR /L N SbimlcRE L-#FaCTho7-7-
D, RV Z i A E OV AR EET O S IRE S5 K DI, K AGNSARTE 1.5 mm 07 7 U i,
T 27 B — R B BRI T 72, K 4emd Ty hd 6 DOfliE A~F 2 e bEER LA 2
SL, EOZERTEREZAE L. LERST, 12908 F—F v MERERIZIBWT, 6 ORI NG
W HE SIS, M A~F TOZAG8 CTHIE LBk 2 I EIVZEH A~F LRSS, X 4(c)OFHIITlEsx
I D BNHIEIND. BB ETITATE R H 10 MHz O E IR 7- (A544S-SM, OLYMPUS) %z HV>, 2Z{38
Wiy M AT RR SR FINEIL2.5MHz, 225MHz & Lo A 8K, a—RAT7 4 VEZ ALz, 7Y
> 7AW HNE 3.125 GHz To Y 10000 5% Fidk L7,
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Fig. 4 Experimental setup: (a) Overview, incident pulse enters the nut, passes the bolt and is received at the opposite side nut
surface. (b) T-type acrylic adapters is attached to transducer in order to limit the projection area of the ultrasonic pulse
within the vicinity of the central cross section of the bolt. (¢) The incident pulse enters the nut at each section A, B, ... , F
and is received at the opposite side. (d) Reference pulse through the bolt head is acquired in order to estimate the maximum
amplitude of the incident pulse .

Amplitude (V)

e b beve v b P b

82 84 86 88 9.0 92 94 96
Time (us)

Fig. 5 Reference pulse through the bolt head for estimation of the maximum amplitude of incident pulse.

BRFETIE (D) (ITHOD ASREER IV 2 OIRIE W, 225 LB B 5. FERITIE, AFHEER LA
WORMR W, 2 EHEES 5 2 LT L W=, MAAITRT & D1, AL NE AR LB S LA O
W2 DIREERINC W, &R 5. JIE L7 RV MEREEG R 2 4 5 12~ ZORBORRIREEZ W, L3258, Wy
XAV N A BT D BEOIERHE IR (22 Cliddg £ 975) ZRAOCTWe=dg, L RS, Wy=Wy/dy
LHEETE S, 22T, K (1) oD VICLITFORX (12) 2Pt REICHN 5.

w; =Wy, (d;[dg) G, (k, k) (12)

PREEH | OILBARRLRE d, B L O EIR D dg 1%, ARREZEMENTIC L D EE R SV AR D “ R oesfky I = L—
2 (ComWAVE, JHiET 7 7 V) a—va v X) mbiEE Lz, X (12) Tldd lddg Loktd, [dy & LTH
N272, TNLOMEERVITTRT. EHET 2REEH#L#2 D d,, /dg =0.86 (T8 L TE— N Z VTS0 &
B L2 BABD DARHEHI~#6 TlEdyg/d =037 Th Y, THLOMHIRENAKE NI ERb)S. 77251,
TRIEHI~#6 ICBW T H A BRIBEOWE N BB L CTND 2T I alb—ra VDB HERL TN D,
AR R O AFREIEIT 10 MHz TH D, K5 OE%E 7 — U o284 5 & R E BT 8.125
MHz Th-oiz. 7L AW IR O EIR RSy & FroM, = 2 CIIAEME L LT 8.125 MHz (8.125x10° x27
rad/s) 230 (7), 8) Dw & LTHWE. Aok, BEF/ UL ADEIEE (E) 12OV TITERICHIBRIZR<, K6
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(RUTEEB 1R &5 2 WAV L CHIETE AU L. 3 (7), ) DB I 0 IZ L TZEL TEY, fthio
JRBER DR PRk 2 I T HRTEZR .

3-2 EMEMORE

M24 7RV k=T MFFERIZ 100 Nm, 300 Nm, 500 Nm Offift V7 &5z, AL b & L7-Z G52 E
L7z, AV N OEMFET ML 71585 N/m THHD, AL TWD MLy Lo FOHERDI K S00N/m Th 57
DINERKEE Lz, £72, 100 N/m X D /hSWEifE bv2 T, AL b &2FEd 2858 OV 2 ORI/
EL 2 IEREEME T4 5720 100N/m Zio/MiEE Lz, #ilE LT, 7 b EORIER B 2»5H%F L TE T%
FBLIZWE (ZERE) ZX 6127 . Al 8.4 us LD v —27 2355 1 J (First wave), 9.3 us (LD E—27 235
2 1% (Secondwave) T 5. H 1, H2¥ L bigkift M7 ofEME & HIZEELIAL TS, BE-UL
Bm AW CE B OEREREZ KD, H 1B IO 2 BT 2 EEROBRKIEE Z N EIE 1 B L0 218
DOIRIEE L, KifF hvr &2 b OBMRER 7(a)F L O 702~ T. fifd kb2 100 Nm & 300 Nm O Tl
B, 52 WOIREITHT vy & & BTN A AIZH 523, 300Nm & 500 Nm O Clda o4 =~
THOR, WICHETORTEZRTHLOLRELND. 7ok, ZEHE ABIOD OF 1 FEOEIMIXMOZ(EH L 0 B

BINNT/INE V.
0.05 First wave Second wave
0.00 - Tightening torque
L =— 100 Nm =300 Nm =—3500Nm
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SIS SN AEEEE NS EEEEE SR R
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Fig. 6 Ultrasonic pulses through thread part of nut received at position E. Both the amplitudes of first and second waves increase
as the tightening torque increases.
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Fig. 7 Amplitudes of the transmitted pulses: (a) First wave and (b) second wave. The amplitudes tend to increase as the tightening
torque increase. These characteristics specifically appear between the tightening torque 100 Nm and 300 Nm. However, at
the receiver position A and D, where are opposite to each other, increases of the amplitude of the first waves are
significantly less than those of other receiver positions.

WIZ, FEBRICHIT D5 1 B L0 2 loRkiE L, K (12) 2O TN SN D5 1 IEOIRIE | w+w, |
B O 2 WEOHRNE | wy+wy+ws+wg | BT 5 X5 ICHAEAS, k- 2RELE. R (12) oGk &) 1%
kS, kt OIIEIE L 72 5728, [FEICIE Levenberg-Marquardt (2 & 58 0 K LEHA2IT- 72 70k, H5 1O
IRIEANEA B 2NN E o T (Z W ALD 251, T OIEDE & LTES BEOKL BWMEBRR -T2, ZIEI A,
D MMUOZZAEW & e ZEHITHUR TIEBA L TRV, T GIEFE DR A EER L Thh, Zo
TR AT B D OBIESFAE LI 3 IR LIERRE D@ L7 Z EI2 XD B2 TWD.

ZAEW B, C, E, F DAL NIZENT T o 7 OIERITHOBMEAWE kS 2 8@\, FH7 T2 7 OB
PEARAIE k- 2 8(b) R HEMRAIE DTSR & Lz 2 By FRITOM 2o L B 528, sk - HEfibiir:
X202 By FOROEENEEZ 2 D. K 8@)DIEWNT 7 7 MM/ S it ML 7icx LT AL
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Receiver position: =-@=B C -e-E F
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Fig. 8 Normal contact stiffness of flanks: (a) Clearance flank and (b) load flank. Although the contact stiffness of clearance flank is
almost constant irrespective of the tightening torque, that of load flank increases as the tightening torque increases. Contact
stiffness could not be acquired as a positive real number at the receiver position A and D, where the amplitudes of the first
wave are significantly different from those of other receiver positions.

AL L7200 DIZxt L, X 8(bYDIES) 7 F > 7 OFEfRIAE AT B v OIS KT 2@ IcH 5. 4
[FIOZEERTIX 100 Nm THIFTEREZRWIZEDKFE N H Y, 177 o 713N E < 7o #Efitm =2 ER LT
WhHEZEZOND. RESNIZEN T T 27 LT T v 7 OEMAPEEOZENZ %27~ LTV 5. 100 Nm LA
O VT CIEEMANEOERITIZE A ETES T T 7 ORIIBIN, HEQT T 7 3RV R OFEREIREBIZIFIZE
HLARWERNGONZ. 2L, fifHcl R0 by OBMITIZEALIEN T T 7 B3Z TR0 )
BRI EIC B LTV A.

3.3 #E MILY BRI - EAEEDZ O

PR TR I E O R & & HIZEINT 5 Z ENMo TR Y, JefTHF9E(Gonzalez Valadez and Dwyer-Joyce,
2008) ClI AT H T D RABHN I3 1T D VERR ST 1A OFEfRIE & Bk £ o & &1 72 BR A ERINIZE STV 5.
22 BT A= X DIZR CILT 7 v 7 CIIEMER RIS Z B A E AT 208, ZOBMREEEAICHY, X
SONIIR LTZIES) 7 T o 7 OFEfAWED S ES) 7 T > 7 IR DR E 2 HE Lz, fREX 9 (Rt %
{398 B, C, E, F Z &L \CHARMIMED K & SMRER 5 72 OHEE ST HERIETE HIX D20 TE Y, aCiioME S
THREEDODANIRIR D Z LAVRBEE NS, 72720, K9P OR LB E DO A 7LD &, Kff b
V7 OEIMIENTITFERNTHER LTV D Z L 3bn b

G ' | ' ]
S 3000 o
g r ] Receiver position
% 200 :— _: --B C -~ E F
a £ ] -o- Average
5 100 ¢¢”A .
E / ]
@) [ ] 1 | 1 |
100 300 500
Tightening torque (Nm)

Fig. 9 Contact pressure on load flank estimated from contact stiffhess, which is shown in figure 8(b). Although estimated contact
pressure disperses especially tightening torque 500 Nm, average of the contact pressure linearly increases as the tightening
torque increases.

—Ji, A L7 7 v 7 Lot L&t My y & ORI, I FOBLE b EERIIEH S TW D (1L
A, 1970). MEORd, V—KApR, 777 HaDA— VALK vy TR 26l & &, FEHEE T O
RBEOHAEGWR TN LIRS X DALEIZH DL T T 7 OBEFREE p(X) 1ZKANTREND.

[DOI: 10.1299/transjsme.22-00300] © 2023 The Japan Society of Mechanical Engineers



Inoue, Kadowaki and Sowa, Transactions of the JSME (in Japanese), Vol.89, N0.924 (2023)

_Atanf coshA(D-X) T

X
) cosa sinhAD Kdl’

0<X<D) (13)

KX bV 27483, 23R CIIOEREERBT H7-2D0E, DTN 0 LR2RE, WIEHT7 T 7 D5]-
0S5 0REE Th 5. AR THV: M24 ORIV F—F v MEEECIIAEITR 20X 512725, MLy
FRECK 1340 UER & PR DEEERIZ IR T AT, —RICITER 2 IR L2 0.15~025 £ 725 2 &b TV 5.

Table2 Dimensions and parameters of M24 bolt for estimation of relationship between tightening torque 7" and
contact pressure p(X), where X is a distance from the first flank just under the bearing face.

X(@mm) | D(mm) | A(mm') | p(deg) | a(deg) K [ (mm)
9 18 0.996 248 30 0.15~0.25 3

AE O FEERTIET v MEEDS OREHE OB LR D12, RV k=T v hOREARGWER TRV NEEEIUT
WHNLENFW 3, 4 FHO2 By FHMOT7 T 7 kgl Lz, 1 By FE3Imm b, x5 E 3 5 a8 LE A4
BWVERONEN D 6 mm~12mm DOFRy & 72D, D78, RIEREKO RS T 2 MAA O ERNE2 D 9 mm DAL
B2 R13)THITH X DOfEE L THWE. FEBRTH X 72+ F L2 T=100Nm, 300 Nm, 500 Nm (22T, 2 (13)
£3% 2 O BE M U=l EOFERE &, X 9 1IZBR TR L2 EBRICE T 2 FHEE R CIX 10 1[2RT.
FRRRIEIT RV 27 R ELDE DR 2 B 7260 Z OBEI it L 7= &6 C/r S5, T=100 Nm (2331 2 B2fkia £ 1 385
EOFIFH L W /NS WA, T=300Nm, 500 Nm Tt (13) OHPHICH DR EFF> TA- TS, £z, Zhb
ZAESHHTIZFER R Z B L EMAR EICH Y, Bz Y ef RGeSl cE 5.

/c-s\ 200 T T I T T
m - -
s L ]
o F / . =@~ Average of the estimated contact pressure
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Fig. 10 Average of the estimated contact pressure and the possible range of the contact pressure according to the theoretical
analysis. Although contact pressure of tightening torque 100 Nm is smaller than possible range, those of 300 Nm and 500
Nm are satisfactory.

3-4 HAREILHDOEE

3.2 S IR E A AT ER A T o 7. 2 2 TlE, 32 81 & 13RI M24 RV b —F vy MR A
VY, FRRICE S 22 BEARRIME O RIE DS FTREDMERR T2 & L big, W EEAIDOREEZTR D7D, AV Ml
Z2EALA (Feon, HHBUWERT) 2840 L Tl L 3.2 Hi L RIERO KR AT 7.

BN, 82 WORIEE T (), (OIS X 7R LI e EBREE R ClE, it hvs ofRicxt
UIRIEDS AT 2525 & o2y, X 11 T v 2 OERICONAZE M ORIEIXIZE—FREMm L
TWb., —FHT, ZEHRNT v b EOXMENLEICH 53250 C,F OF 2 I ORIEI It OZEF L v /h &<, ftho
ZEW & R D FEZ R LTV,

2GS OYRIFEA S 3.2 8 & FARIS RO 72 HEMmANE kS, k- ORERREEZR 12 17T, K 12@0ERT T 7
OERIANE S 13N & <FEFT P27 1T LTIEE A C L LARVDITH L, K 1200)DES 7 T 2 7 OHEfiIE k-
IR RV OEINZARNER L TERY, 32 iDL FOBRNMGONT. 612, K 120)DEH7 T
7 OBEMEIMEISRET R L7 OBIMIR L OREARTHEM L TEY, X 8b)k v BifafifE LTS, Zh
N L EAIDONRTH D EBEZ D,
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Fig. 11  Amplitudes of the transmitted pulses: (a) First wave and (b) second wave. The amplitudes increase as the tightening torque
increases. These characteristics explicitly appear compared with figure 7. The amplitudes of second wave at the receiver

position C and F, where are opposite to each other, are significantly less than those of other receiver positions.

Receiver position: == A -e=B D -e-E
s\% 1,5 L I T I T I ] g 1.5 L I T I T ‘ i
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% 10— { § 1.0[ .
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(a) Tightening torque (Nm) (b) Tightening torque (Nm)

Fig. 12 Normal contact stiffness of flanks: (a) Clearance flank and (b) load flank. The contact stiffness of load flank increases as
the tightening torque increases, these characteristics explicitly appear compared with figure 8(b). On one hand, the contact
stiffness of clearance flank is almost constant irrespective of the tightening torque as same as figure 8(a). At the receiver
position C and F, where the amplitudes of the second wave are significantly different from those of other receiver positions,
contact stiffness could not be acquired as a positive real number.

—J5T, ZEW C, F 1 OITEHDOEDELE LTES BLOK: ESNARD-T-. ZHUE, 32 HiDZER A,
D EFEIEE, (SO L VEEE LV ADBRREKE K 3 IR LN L®B L7-b o L b, ik
WIPED5 D 272 Dy o T2 AZ T OIRIENT, 7 LK 11 TR A Z R T 72O OJRRVLE— TR & A

SNDHOO, B RTIEIIRREAIIARTH L. AV MlTmIIkEd 27y Ml OSATE ORI 835
A HNDD, TOZRBITAHORTEE Lz, FSRRINITIE, JIEICRR & Z2HE R Z T 0 JN 7282 8o

VA I -3 AP S G AV N
X 12(b) DEARAIMED D 3.3 i & FRICE ) 7 T > 7 \ZERA T 2 M) E & 2 OEZ R D, BEHIE O &
PRET 13 17T, ZOEBRTITRHT RV 2 T=100Nm 123\ T & EBREIIFRE ORI A Y, T=500Nm
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Fig. 13 Average of the estimated contact pressure and possible range of contact pressure according to the theoretical analysis.
Average of the estimated contact pressure increases as the tightening torque increases and satisfactorily lies within the
possible range.
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T EREIZEN S OO, FTXTORiET vy CHEE 7=l O A MEITBEEREORFHNIC H 5. T=300
Nm OEfREE S 10 OFER L 0 T EF L TRY, e bAN & 0 BEEIREIR T O R RN F ik
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4 & =]
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(7 Z v 7 TOREWDOFHBRE - SO RAPAMAMEORIEE LTS8 L. Kk vy 228 bS8 AL
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