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Effect of Scale-down of Structure on Dynamic Characteristic Parameters
in Bolted-Joint Beams

Bong-Suk Kim", Seong-Min Lee’, Soo-Hun Lee*, Jun-Yeob Song’” and Chang-Woo Lee™

ABSTRACT

To overcome many defects such as the high product cost, large energy consumption, and big space capacity in
conventional mechanical machining, the miniaturization of machine tool and micro factory systems has been envisioned
recently. The object of this paper is to research the effect of dynamic characteristic parameters in bolted-joint beams,
which is widely applied to the joining of mechanical structures in order to identify structural system characteristics and
to predict dynamic behavior according to scale-down from macro to micro system as the development of micro/meso-
scale machine tool and micro factories. Modal parameters such as the natural frequency, damping ratio, and mode shape
from modal testing and dynamic characteristics from finite element analysis are extracted with all 12 test beam models
by materials, by size, and by joining condition, and then the results obtained by both methods are compared.

Key Words : Bolt joint (BE Z ), Scale-down (2 ¥3}), Dynamic characteristic parameter (554 3}&}v] E)),
Modal analysis (2@ ¥41), Finite element analysis (F 324 d14)
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Fig. 1 Bending vibration

_ *M(x,1)

ox?

o*w(x,t)

a O

+ f(x,1) = pA(x)

Aol 2+t 9go] gl 7Y (uniform)d B
2t 7tgstn B 33 REAES ¥ Atole] #©
AL A (Dol dYstd AFAF s 2o W
Falo] gt AV EE B gXAFoln Ie
B dRe y Fo ¢ BAEIET

4 2
cza W(f,t)+a w('zx’t)___(),
Ox ot

2 () ¢E3E B 29L Euler-Bernoulli B
o]8 EE 9F2 H(thin beam) o]&olg} Fc} &
(2)9] & ¥4 22l (separation of variables)S £
B 7% 4 Adrt

¢’ d“W(x)=_Ld2T(t)=a=w2 3)
W(x) dx* T(t) di*
o 7] & Y AT =’ & ¥ FFR A2

M e
99 RFATRG BAZ ATk A GelA B2
PR Tge) Yejz BAY + Ao



AR o4 - o4 E - $EY -

olFS  BIALTHIA A24A A3E

4 2
%fﬁ—ﬂ‘wmw, B* =“;’2— )

2 (& 7 98ME HE A stdor o
A9 AAzAol aFd}t FTo] AFud 23
AEFse B L/AEF A& g3 g

By [E )

Fig. 2= @9do? 9% E3 fixnE Ls &
9% & Jehiln ok 947N, axn7t 99
9 WELZ, G € JUAT, GnE HEY 24,
Joe 9% 9EY FuAY EAEE Y, o
A HolF AR EF fxnt ol R8T o ¢5F
BARNE 4 ()% FohA’

Flx i) de

M{x.0) + dM(x,t)
8(x,1) + d(x, 1)
(a) (b
Fig. 2 Torsional vibration
o6

(M, = dM,)+ fis = M, = I - (6)

A7IM L F9 99ZolF AF FBY =
AEojt AT DA AHAFsE FAZRA)
A HIEY HY3 HEY ZAE Aol BAYE

4 (©3% B AsE BT AFPAAE 98
%+ gtk &o) wAHo) Uo ofd A% MEY 4
T 72 J WA AEst FU el 5wy
& BAHoZ AT & UYP F Bo] AH
Atels nfAES 4 ®)F 2 + Uk
2 2
29_006 . |Gr )
x t pJ
. _BD

Sr . peon2.. .. ®)
o

2.2 B8 a4
AT 7 AT Alelo] AE @A oF F
T SHITEREH A5 FAHE THIFS,

2g 74y, 22340 e saog ge F
3t AAE A¥A E=diMolgt @ AlY
TZEY AFE & AR5 At BL B¢
T /A E A E=(DOF: Degree Of Freedom)
F2 7|E sted o Wy R{HIUFFIL ofF
238 AUt 5 1/HI5FE M Adde
HestA @A foh gdetuE F&d &l v
Hoz AB Y (curve fitting)'gol J=dl 1838}
T EE o w1 AFEEFH GAFEAY
At 1 AFE AR AY_LE $N FaF FHE
4*(FRF: Frequency Response Function)& ZtZt¢] ¥
AXE Egse FHoez FEI FIAH 24
e Fassdol AFgE=Es A AT
T 7M1 AFE Ao R A G
Fig. 3 & F3F SHHFEREH 22 734y
€ T3] AsiAs IALHAAN |p(e)d |2
A7} ItEAl Wol ete ALY 7
T 2E #H¥] (= Og 2dE WFHe F

Hollx Fopeoe] A2REH 78 5+ oks

Magnitude H{w)

IH(‘”A)I
|H(@,)]
2
@, ;=0 o, Driving frequency (w)
Fig. 3 FRF of 1 DOF
H(w,)
H(0,) = |t ()] = 2 ®)

V2

o, -0, =20, & VA A 2 iy (&
O HezRE 48 & ok

=% =P (10)
2w,



ABY o4 - oI5 E - $EF

AF%

F2ALYFTHIX] A 248 A3E

Thickness : 4mm / Width : 30mm

M3

85

(a) micro-size monolithic model
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(d) micro-size bolt-jointed model
78
18
1
Mo 220

(e) mid-size bolt-jointed mode!
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(¢) macro-size monolithic model
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Fig. 4 Schematic diagram of test model

L

AN wy & T TLHZE S (natural frequency of
damped vibration)o] ™ ©, & @, & 4 (9)F TEA]F)
T Fagolth de 2ALAM  ye,)/42

H(wg) o}l Z 3dB Aol digH7] g0 2] (9
HRAI7IE AE 95 H(half power point) EE
3dB ©}28 % (3-dB down point)o] &t 31§},

=

r

3. AEY 22 &y

3.1 AE ZEx|

2 AP ME tiag 379 EEAE 7z
o] vfola R FAV|E FaHWUA BAHE EFEA
seiulele] WsE 73l Hsle waz, 7,
sholAR 9 4 7tA A7), dYFxe EEAGT
Z9] AFTZ, AL6061-T651 T SS41 A=A =
12708 Ag A 224& AFsAT) Fig 4 & =
GAE T fEad Mo AlgE AlE mde] )
FrE BojdFEo

EEAgAA w3z 3r)9 £+ 3719 AW
Agddls AHE 9 (PCB 086C03)% 7HEE A
(PCB ICP type 353B15)7} AF&-E%la mfo]a 2 77
ot 4% YBE sioj(PCB 086D80)S} Uiy b
EA(PCB 352C22)8 ol &3l A&t JdUE
AEYE g tRes xRz RE
VHE Fopd & An A Fon 71y

SEAOIE o g3t BV Ul ALRERS

3L
6]

ks

11

AR7NEHOZRY 7%
2SS SAHINAD T Mol
7HRE 5 HA & AP A8 FoEE
539 AY dolHe 44 F2AY ¥
AT EYO] LMS TestLab & £3) £415 0]
APe g nHAESF, 28 A4 &2
9 BEg FHHuHE FEIGE 2eAY
A8 7= AEAA = Fig 59 #oh

(s}

32 L

2 K

>

ok
ox

o I & oMr ok 2 2 fu

Fig. 5 Test setup

3.2 RE nf2joje{e] 54 w3

FHE Al g 21 N A
7zt 39 FoF SEEFZRY 229 29
et gl HNFFY BHHE 6 2 273
olm I A3E Table 1] Vb



BB 04U - O SE  SFY - FE  HRALIFAN A4 A3E

Table 1 Modal parameters of each test model in modal testing

Micro-size beam

8541 monolithic beam 83841 bolt-jointed beam alé061 monolithic beam al6061 bolt-jointed beam

order Natural damping Natural damping Natural damping Natural damping
frequency ratio frequency ratio frequency ratio frequency ratio
1 1954.57 0.14 1843.60 0.27 1862.75 0.23 1672.85 0.36
2 38982.11 0.15 3708.95 0.20 3741.23 0.17 3379.66 0.23
3 5429.63 0.59 4989.01 0.75 5229.72 0.50 4160.06 0.68
4 9355.89 0.60 8396.00 1.08 8518.17 1.5¢ 7200.73 4.40
5 10722.27 1.16 9594 .45 214 8841.37 2.50 8141.11 291
6 11273.72 0.32 10709.68 0.87 10886.10 0.82 9848.93 2.48

mid-size beam

$s41 monolithic beam 8841 boit-jointed beam al6061 monolithic beam alé061 bolt-jointed beam

order Naturai damping Natural damping Natural damping Natural damping
frequency ratio frequency ratio frequency ratio frequency ratio
1 £88.02 0.09 670.86 0.20 678.27 0.14 637.41 0.24
2 1410.75 0.05 1368.41 0.11 1338.64 0.14 1262.38 0.18
3 1860.94 "019 1790.35 0.80 1829.64 0.30 1644.29 0.52
4 3069.70 0.44 2958.76 0.76 2894.81 1.06 2780.51 260
5 3620.44 0.84 3487.81 1.46 3640.16 1.63 3270.39 1.78
] 4041.52 0.44 3905.96 0.38 3946.60 1.04 3770.73 1.44

macro-size beam

ss41 monolithic beam 8541 boit-Jointed beam a2l6081 monolithic beam alé081 bolt-jointed beam

order Natural damping Natural damping Natural damping Natural damping
frequency ratio frequency ratio frequency ratio frequency ratio
1 589.97 0.03 §71.07 0.52 588.96 0.08 567.73 0.10
2 1191.54 0.03 1166.93 0.12 1149.01 0.06 1110.38 0.08
3 1577.88 0.08 1388.17 4.25 1575.96 0.12 1403.02 1.05
4 2487.08 0.07 2221.57 0.29 2410.16 0.19 2271.05 0.41
5 2865.84 0.07 2720.73 0.48 2805.48 0.16 2722.30 0.36
6 3033.76 0.08 2847.14 250 3024.61 0.14 2784.37 0.96

Natural frequency [Hz)

Natural frequency [Hz}

g

Naturat frequency [Hz]

:

“ & rmero-5ize 26081 monolithic beam

¥ mecro-size al6061 boit-jointed beam

1 2 3 4 5 L]
Mode number
(a) Natural frequency

Damping ratio
I -

°
e

Damping ratio

Mode number
(b) Damping ratio

Fig. 6 Comparison of modal parameter in each test model
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{a} Solid mode! of monolithic beam (b) Sheil model of monolithic beam

1) Rbe2 model of bolt jointedt beam (d) Cbeam model of boltjolnted beam

Fig. 7 Modeling of monolithic and bolt-jointed model
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Table 2 Material Properties

Properties SS41 AL6061-T651
Density (g/cm’) 7.85 2.7
Modulus of
Elasticity (GPa) 200 68.9
Poisson's ratio 0.26 0.33
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Table 3 Natural frequencies of each test model in finite element analysis

Micro-size beam

Monolithic chexa(solid) model Monolithic shelt model Bolt-jointed rbe2 model Bolt-jointed cheam model
order ss41 al 6061 ss41 al 6081 ss4t al 6061 ss41 al 6061t
1 1909.4 1917.8 1936.5 19446 1843.2 1848.9 13719 1659.2
2 3932.4 3830.8 3996.9 3903.3 3780.5 3891.5 3087.5 3830.2
3 §323.0 5361.9 55435 5580.8 4783.8 4808.8 3716.3 36454
4 9156.5 8966.9 $366.0 8173.3 8326.0 8157.3 8190.4 74877
5 10349.0 10428.0 10911.0 10983.0 9246.5 9296.3 7650.8 8040.5
6 11055.0 10999.0 11148.0 11099.0 10054.0 9974.0 8517.0 88089

Mid-size beam

order Monolithic chexa(solid) mode) Monolithic shell mode) Boit-jointed rbe2 mode} Bolt-jointed chbeam model
ss41 al 6061 ssd1 al 6081 $841 al 6061 ss41 al 6061
1 663.5 666.2 672.1 6746 842.4 643.7 3746 509.2
2 1377.8 13448 13993 1365.7 1355.8 1322.8 1042.7 11709
3 1811.6 1824.8 1880.2 1892.8 1650.3 1654.4 1336.6 1303.1
4 30456 2980.0 31206 3053.5 28921 28314 2237.2 26773
5 3503.9 35311 3662.5 3688.5 3230.6 32445 2715.2 2833.1
[ 3968.1 3936.0 40309 4001.5 3719.0 3687.1 2987.1 3171.2

Macro-size beam

order Monolithic chexa{solid) model Monolithic shell mode| Bolt-jointed rbe2 modet Bolt-jointed cheam model
ss41 al 6081 ss4i al 6061 ssd1 al 6061 ss41 al 6061
1 580.5 582.7 592.5 594.5 570.6 571.7 2466 370.7
2 1181.4 1152.7 1211.2 1181.8 1162.7 11343 869.6 831.5
3 1559.2 1569.9 1650.0 1659.8 1467.6 14701 11381 11107
4 24618 2419.7 2552.4 25122 2351.2 2318.9 1234.4 1729.3
5 28171 2790.4 2873.2 28428 2778.3 2740.4 1655.2 2294.1
6 2990.3 3011.0 31993 3218.0 2804.0 2811.0 2425.9 2548.4
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Fig. 8 The rate of error of natural frequency between modal testing and finite element analysis
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