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Biodynamic characteristics of seated human body under roll-vertical vibration
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Abstract This paper presents a study on the biodynamic characteristics of seated human body under roll-vertical vibration.
Initially, the dynamic responses of eight subjects under single-axis random roll vibration was measured. The apparent inertia was

introduced, defined as the frequency response function between angular acceleration and torque measured at the interface between
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human body and seat. Two-order resonances of human body in the roll direction at 1 Hz and 2.5 Hz were identified. Subsequently,
vertical vibrations were combined with the roll ones to investigate the human response under dual-axis roll-vertical vibration.
Frequency response function analysis and partial coherence analysis were conducted, and the coupling between the vertical and roll
responses of human body was discussed. The study revealed that roll vibration had minimal influences on the dynamic response of
seated human body in the vertical direction within 0—10 Hz. Similarly, vertical vibration had negligible impact on human response in
the roll direction around the first two resonance frequencies, including modal frequencies and associated modulus of roll apparent

inertia. Finally, a dynamic model was established to represent the biodynamic characteristics of human body under combined roll and

vertical vibration, and dynamic parameters of the model were identified.

Keywords Whole-body vibration, Apparent Inertia, Biodynamics, Dual-axis vibration

15
W ZAEAE T AN H & A0 b, DA 1%
B AT, YR Bl B R R ) 22 3 1z 2 A% ofe A BT IS
PEMEZERER . i TS sz A 0, JREL
HAREMN FWEZ IR, AT —Efmn A
S5 TP S5 AH S Y B[] A 28 5% AR
-4 AT, 6 F AR A HE LUAE 2 5 O & i
R, UL, A0 R RE a8 EE Ny 35 R Az 5 ik gl in
PR M SH Z B R, DL T R 4R 3l &7 38 1 1k
T, AT DA 785375l AR SE BRI AZ 19 [R] e, e T
RN HH R aI AT . X — H AR SE B DL T
F A NRTEIR SN 288 T 10 80 g 2w fiy R A i A9 .
RBP4k 1) i 22 0F
FERCRA NIHES) T PRS0 &7 18 PR i k2, DLl
gy, SR A = ) R 3 TR T A 9 R Bk
o I ) MR Bl IR A B R B, A
1 4~8 Hz Wi A7 7E — B L4, 840 i 98 7 8~10 Hz
5 10~16 Hz BF 3 W B 855 19 — Fr . =B bR,
HE KT 1) (R 2RI 52 38 3 /i o 0 ) 40 T iR
ST ANKTE | Hz R 5 2.5 Hz B3R (9 9 By 241
WP B TS T 5 T ook S Wk &1k
(A TS0 Y 2y o A A g 2 v B S 0
HF R SE AR, g O 2 ikah
22 VA R IT 7 U G T £ Rl A e R 5
PEASTE] I AR Bl T 24 SEEL T IR il ™ Ak
M 107 4 P00 o SR, 7 SEPRIR sh PR v, SRSl 25
R —TT Y o PO T, AR B 38 SR AL
A 2 e W R A X R I —
Tia] (1) % 2 3l 2 5 1R AR AR A Ty 1) b (%) i iz
Z2 AW 5 #0022 2] BH 5 149 3 1] — {1 S5 7 1) 38 SRR
e, HAE 5 Hz 4 B 30 n] 45025 001 55 Fff 3T s 90 0
(U7 2l gl e [ R, A A )l o
52 X ihme i 0] RE R AERR A, T, A E R T

EZEEnI b I MNP N Y E DAL SR ST S PN
IRA BN 12 RIBIE ST . 3 1) =T AR T, )
T RR A SRR AE B 5 RO T R A — 3
SR TS W7 T R 111 e s a2 SV 28| IS B T |
5T HH BR A e (R 95 R T B, 40 Mansfield"” W5
AH LG BRI, U S0 T 04 [R5 52 Sl 7E
[ e U6 (TR A AT A4 AR L 250, Qiul™)
WL B T BRI 5 5 ] 000 R R, = ][] 4l L
JT R V(AR TR IS o i — 25 ] A ) Rl I
SEAT LAXT = 3F-3h 3060 T B AR B ) 25 R AT 45
Mo MAAS SRR AE BT it b, 2 ] 55 0 1] 8050 Y
AR R #E A AN SR, P = 5T SR AR B R
Bl 15 R 5 2 ) -0 S AU T R R A —
e, Mansfield %172 g T ¥ ) = AT i
L1 S 1 Y 4 R O S TS AT R A S DS
SVl B =St T RO AE B i, A B TS LAY
ghie, HAN A A 40 25 o 85l 5 5 1 185 Jom iy e
R AE G PERRAE & X F B AR S = i 5 09, ik
Al FT AR R s R g R, A oY
— ST I 7 2l 1 A B g s P
ALY 38 3 A AN [R] D7 1] b %) 3555 | BHJE BR o e e 1
NARTEXS R J5 1) b B 8l 3 22 R Ak, I 2205 9] |
U EBC A LA I e R A T RS R S B0 1

ARG, B AR B T 2R R R B 5T LA F
£5) A 1 B S = O 1 1 ) N DR 0 B S v
FHECZ T, X 3 Ul P AR UL Bl I 24 R AT
B = T, T SR 5 1A A AR 32U 3 R B
TE R 43 W S 4, e R 83 . Pason 2500 it
TR BN WLET IS B 0 B 5T e B[] i 1R ) O 3
HF LU AR iR 2l T B Ak 22 N A 5 B A AN B R
Beard 257 LA A T 00T 000 ri 38 1 ) 3 0L
NG JEAZ o T B A S IURD T B AR Bl g A i
WEFEANE 5845, MR T X 4% 20 5 - sl il & in /g
FH 3 A7 A5 1, (1455 3 —F- 3l 22 Bl i A A4 3)
PAE LSRN AlES € N L S


https://www.jac.ac.cn

2 AR DA A5 - AT 1) XSURRRN T 1) Al 28 AR LR W 3l )~ 185

AT S GTHR Sl . W 1) XU 4R 2l 33
Jih, 308 b Ao 3 ) A A SR - O A 5T £ 0 A
SR, UM S Sl T B9 AR A=W 3 1A Rk, IR R
8 AT [ e 137 -5 00 50 0 )7 ¥ S 75 47 7 18 45V
NI i 5 22 N 64 #f B B A A 8h g < B
WHEATY SE . TEMEERR b, AR SORE gt 37 1 Pl it | 3
1) XSl 8 D B9 N A 80 ) 2 R, L 5 sl (A 7 1)
TR N AR S Ty AR, TR R 2 R T
NS Iy BTk o AR SCHTIT R SEA B T A
HUEE b A B A A S LR SZ 19 BN, A IR 3l 6 3 3
W, BRI BTHR AR T

IRNSHI WA A WaRsS
1.1 I

NARZ) 72 MR 5L 56 R G an & 1 FR, fL4& 7S
A W R 3T, Al BB RS L ) &5 L %L
R RGBT FML. W AR 5 H A B2

iz 317 & 0] AR HES IR sh s, s A H
1 m; 45 %32 2 i B O 3w £16 em, {1 J5 A
[A1£30 cm ., U AR A £9° | R 43122; Fi £ii] iz HL ALK
3, A% 16 3 n] W g 8 om 1942 3l A% 1F T #2 4t
+10 m/s” R S

N 52 ST T 52 300 1 2 e A ARl T B N
A 1N, 3 3k e AE W JRE AR b T A I g £ iR AT
Wt o 0 g 55 DO AR 43 0 e B A DURSORS B g 1 1) 0 A%
JEER, BTN AS A F oy {5 5 0 FL ef R SR AR BE R
g, M 15T L3010 B AL ks (FE R B R
AR, M, D) s i, I BCA L F U aoR
Ao AN A A AR SE B ) A
CFEEE 18 om Y 356B41 B AR E G fin i B4 s (PCB

Piezotronics, Inc., Depew, USA) 45 . ek sl & F 1w
WA B A P 356A26 T JNE B AL AR, 55 EAR FR 1T
T A% SR AR C 5 (o, TG e e e M

I3 %5 9 3 3 Smicenter Scadas Mobil (Siemens,
Munich, Germany) K 5 o 4= 525 i R A R 34 0y
512 Hz, HLiR S U845 B E A 40 Hz,

IR FH— T 0.52 m, 9 0.47 m, JE¥E 0.41 m fY
WP A%, DT 32 BT 15 77 A= 1R 31 3 5 A b A% 38
M, WIVEERAE 10 Hz DL ARFEERLRS . ERY
BT 4l . SUERAEL DL R, SR U E R 2R
ZH, B 1B S A Bk, IR ) AN fe i p il A
RrHE . BLAk, i A B Ak i B T 3 (4 B, DUAR
UE KR 55 A8 Ay 22 T BE AR b TP AR A, B ORRR 55 8
105 2 TR )32 2 B 41
1.2 #WikE

INZ WS 22~33 B Z R B HE S5 T8
¥y, SF A 72.1 kg (55~90 kg), F 145 7 176.1 cm
(168~188 cm)., # ik & fE LIl B 2ok 2 R
By, TR UFHHL, RIRHRFFIE AR 3 R
FrEEEETT, SR AR AL B, B L B EER B E B, B
AL TR WA o [ BB R B A A I
JUa DR ASr PR AR AN | I 3Rk f 32 3 4 WL Bl A ok
T SRS, S 5ARNMEAN 2lE EE T
FE R A, %5 Wi LR R e PR Bl &
HEHEHE
1.3 iRt

i Ad 6 415 LT 0.5~10 Hz W BEAL Il 15
5, ) A ) R B eSSt o, Rl ) — {0

i, B0 QN % 1 frs . Hip, s S 1,2, 3 T4
M B0 (6415 30 (0 AR Bl g 200 17 3 15 5 4,

A}ﬁ I

e
anecy
A

ot

s s — @

WA <3

I R sl all,
wxFs ED

PSR

D R A

e
AT

RN S PIE S e



186 i e

5, 6 JH T 0 A A6 - 15 9 3l T B9 AR Bl I 24 W)
WIE S 6 ZBINES 4 M s mMEE. %IERTFH
SRS TR A S0 1 2 A, H 2 0 5l Al R A ) I AR B —
JBe AN 58 B0, BP-Bh 7 1 4R 0 51 RS 4 AN BT 1 AR
SZAREESS, P I T ri) U 44 AR LA L
AR N I 7 5, TR U R f T TR ML A ek R
A UG B T A0 LM P B B K D S TR

R BT 110 T 2R3 404, 385 FH T W 8
BAFESK 1200, W& i — 5 5 e — B R
AR HEAT TR, DURY S BT & R AR AR
iti

1 IO T RO R 5

W= i) (m/s” r.m.s.) M (rad/s” r.m.s.)
1 0 1.0
2 0 1.5
3 0 2.0
4 0 2.0
5 2.0 0
6 2.0 2.0

14 HESWTE

A 4 A ph K 52 T 75
RS XTI RS, B R, i S

Gour,(f)

MD=5.0
i, G () S MR 2 T b5 o 4 50 0 0
Gy (F) 5 A 22 0 T b 3 ) 7 5 9 60 0 55 1 17
B {0, A SR ST TG 160 A 3 72
L 43 L7 ARt B AR A LT Ak 90 R
Sy 2 1 O 8, 47
Gont,(f)
Gl
L, G (F) S I3 ST b D57 1 6 D215 4
B, G, () 2 IS0 1A O 0 5 0
TS L B2 A, 0 B ELA 3 A 3
S, T LT S 6 S A
N B S S 1 PR 13
(T 12 B, 7 A 500 R S o4 5 0 1 B

AR S (1] 0.25 Hz USRI ik
T 2 B SR T 19 A 55 F1 2 0 1
1 2 AL 73 (MITSO) 318 e T it (sl i
FEAIE) HF FF R I T 507 . DT 1600601 4 i
TIOR3 ot T3 B P 2 7
7 MISO 7 ¥ 0 B4 I B COLZE L) $ 158 07

(1

1(f) = 2)

S 2024 4F
N
Ga a Ga F,
Ga 1= papg ~ agFa
MF (f) _ " ( GaBaHGaAFA ) 2 GaAaH ’ (3)
AA B Ga"“"(l - ’}/2) Gﬂ/\aA thgas '

Hi, G B A J5 R B 7 10 I (F 0 ) B
HA%, Gy M Gupay 535052 A J5 1) F1 B T[] il JE
(M BE) B9 B 1%, Gur, M1 Gupr, 535102 A J5 1)
B 7 T INGH R (FAIER ) 5 A D518 J1 (J1%E) W EL3E,
Y 52 A J7 10 F B J7 1a) 4 2l Jin s B fAH T R A, A T
Il HR SN 5 A 7 1) W L AR SRR R A

Gur (D]
Ga,\a,\ (f)GFAFA(f)’

B I3 1RSS5 A J5 16 Wi S A U AR - PR ECR 7R

|Gy D
G NGrrs ()
Ft, G M A D7 RSN (FA AN E) 5 4 Oy
[ 47 () B9, Gor,an N A 7 100 S 1 AR 3
S5 B 5 TR SN FE, Guprr, 5 B 714
T AR IR 5 A 7 TR 9

2 AR S T A B T
i [
21 BRI THNERE

MR T\ 48 Bk T W JAE ey - 1 3l g 2
Wi 7 A P 0 X s SR RVRR AR A8 B G 8] 3 s o %k
ZRERE, #0T LALE 1 Hz FiEUT 00 2 39 40 7 A8 B 1)
S — N UEE, AT A A 2 N AR T B — B
YR . 7€ 3 Hz BT, v LIRSS B A ARSE — Frid (i, —
7y WA P ) e 2 A I T — P M . DN — B B T
REK BT OB0E60 T B MR ] Y 4 B2 8, —Bir
B WK BT 5 WL~ % 20 205 EHE S A 1 1)
SAHIZEE .

ML 3 Hpoa] DU %€ 3] B ) 9l 2 1) 22 S5
(Inter-Subject Variability), T4 [E 8%, —Brdt
PRIRAFAET 0.75 Hz & 1.25 Hz M. —Frdkdie
AR ) AR R 22 e M T O B R, 0 R T AT
P IR AE . — B PR A1 50 A W0 7 153 S 11 W 1L 7T
Sl E R E A M. gialE 1, palE 2, B
R 8 HA Al H bR HE a4, ] = A
FE o SR A AR Ak 7 AR T R R 2 e Ny, i A 4
PR o X — R SR R R A A OC R WG T it
PR Ak e AR Z B B AR AT RBAS 2 H B HESE B)

7/24A N= 4)

yéA.A (=

©)


https://www.jac.ac.cn

2 AR DA A5 - AT 1) XSURRRN T 1) Al 28 AR LR W 3l )~ 187

@ xn——| Hin

Q)

X(f)— HA)

® v ——s| Hah

Yi(f)

XN —| Ha)

P2 BT % SO T B AR S )2 SRR B MISO B8 (R AR v, r 20 R e i] . USRS A, TAR V, R 2350 37m Ze il |

AT PAE4 1) () 6 ] 1346 114 (o) UL Rz 4 e

20
(2) (b)

18 (kg'm?)
=

i

AHAL (rad)

R (Hz)

B3 BRI A\ LA H A (a) 1.0 rad/s” rmus.; (b) 1.5 rad/s” r.m.s.; (c) 2.0 rad/s” r.m.s.

2 20
gn (a) ik 1 (b) #rik# 2 (c) Wik 3 (d) #ik ¥ 4
& 10 - . L
E 0 /R_‘; & [\_ﬁ/\/\—\
b (e) Wik 5 (O Bk 6 (@) k& 7 (h) ik 8
510} L A I
5 10 5 10 5 10 5 10
Bz (Hz)

Pl 4 SREEH 1.5 rad/s” rm.s. AR OUISTROEN T /\ 4 B O MLZE I ik

I8 W 42 B PR 3h B 45, 2 5 SRR R i LA
FREMT ARG o Ak, 26 HEFR i 1) — I BL S TR
O ZS A AR A, AT B R R 2 A L A AR
o AH— MBS, LRI & i B A ik, i
DB B, ORI TR A b B HE LA 45 4 B R Y
BB FI) HISF- 45 2% 5% 2 80 (Average Coefficient of
Variation, ACV) iR 9 i 37 7] 22 1tk . P22 5
FRHOE LB )\ 44 W0l LR 15 0 (B b o
2 S MEZ o ERY, ok

1 & —
. \NZ(Mf‘Mf)Z
1 k=1
2

ACV = - ,
cv=- — (6)

J

Hirf, n ok 0.5~10 Hz P9 3% 26 20, 48 SR A 0.25 Hz
WA HER, T n =39, N AR E B H, A C0h N=
8; MY R k AWERE TR j IR AL (LR 5T i
{8 M, N\ AR FEHS j A A0 S A (0 L 7E I 2 I
EBME . = Fh PRSI0 B T 17322 5 R 5053 5 R
0.27,0.23, 0.22, i F& B ) 22 5 kA (IR 3l

JE N HE g

22 BEMEREHE THREREN LTS
Xk /N2 Wi 3 04 A0 7 A6 R (L P 0 8, 46

WAL S Fr7m o SR EE AT — B . o e O I {ELAB R

R 431 24 ALk A7 158 2 W (LS W) Y G2 23 B i 2

It o AEMSTRRN T, Yl 56 JBE X A5 2503 14 52 1)

20

18 (kg'm?)

%]

AT (rad)

M (Hz)

5 BAITRIRL T /\ A B0k RO RTE G i v A



188 Ao

2 il 2024 4E

P2 PRI R AR AR R AL AR I R IR R
) Wilcoxon 45 FkAS B2 5

1 rad/s’ r.m.s. 1.5 rad/s’ r.m.s.

WAl

1.5 rad/s’ r.m.s.

ns/ns/ns/* —

2.0 rad/s’ r.m.s. ns/ns/ns/ns ns/ns/ns/*

a) nsTRHI AL, Bip>0.05; * FIRp<0.05; **FKIR p<0.01; ***
F IR p<0.005, Wilcoxon;
b) /43 B RSB K- B SR, AR Uil 5 B e — B e AT/

- AR ATIEE A AL/ — W SEHR AR/ — B SL IR AT A (O B o
IFA WY, =l 0 a5 T A 2 A AR A e ) —
DRI TR 1 Hz Ao X 53 m il = ARk
B A AR L AR (B AR 03 4 B ik 2 i 32 494
INTRTRS ) A BT AR o 3 — B GR RE  E SE I B v
ANEY N L NN N T T EEE| 54 R 155
SN, [ It Ay fi P e M 5 | LR BT A Y 3 s o7
BRGNS NN T 14 4 B i o7 e A A7 A i
BT BRIS BEA . R, Yl R RE X — B e {00 R b
AR B IR (B A S I B R A L — B2,
RS B AR MR RRAE AR X B A B4R B i B 0 1
T, ARG W A A, U AR A 1
e AR B A AR LA R IE B R LA FIAR DT 2H 2 2

53R RS R IEZ — o

3 3 [ U OB IR Sh 3 T B AR
B 1A
31 - WA RS SR T 4 A 3h ) 0

3.1 o] [F) Al A AR i

N B OBUR Rl T %) 3 1 ()00 A
HANE 6 Frw, 7 T A B K] 7 firs . A\ 248
A, RO 22 20, B2 —a ek
H— B AR AR AR . SR X I B A4, HoA ik
BRI T — B YR Sl AL B A ) A B
TEAE 5 Hz M WA H) T — B e i, #8539 14 78
7 Hz MW 5 8 — i Jedig e . 31X — 45 51 5 30k s
{16 38 [ AR Sy 2 e — 3 mBR 3h 5 A S,
NARTE 0] Bl J) 2 R R kA B i ol A, — B AR iR
IR LAE BT iR (X JC I B ARk . P4
B A B L AE AT — B (RT3 | I 00T 3R A R L
TF RS 1143 M, Wilcoxon #4545 k56 19 45 2R 457 % B0
AN 2 2 (p>0.05),

150

fH (kg)

=
H

1

(a)
501 3

(b)

0
g 27 i
g
=
< 72. L
- 2 4 6 8 10 2 4 6 8 10
M (Hz) S (Hz)

Ko N T m TR (a) S R IR SR, (b) DT ] DU

150 |
— ]
z e T )T
& 100 -
@ -
= 50F
0
2t

AT (rad)

A (Hz)

K7 NABORKE R 2R o A e B v (o 4

3.2 g b A A AR

I\ B BRSO T 1% 46 ] A 0 A A6
HANE 8 FR, MR R A 8 s R 9 . 5
HSCI 45 5 — 3, 7E 1 Hz B W< 3 B 5 i — By
YR (E, 50 9l i 7E 3~4 Hz B3 vl A E 5] —
B (B o A L ) A0 o i, 000 R 7 158 e ) ik
)2 SRR R I o Bl A TR) 2% S5 AE SR et ) f
Wl T AR Bl g e g I P A B R B (W
2179, MRS TIAJG, RN ) — 05 4% 20 3806 AH
LU LA HR S 38Rh T, A AEAR S W (A 38 | U A
AL IR AE AR S LB 22 4k . Wilcoxon £F-5 kA
B ST 3 [ O R 5 LA T — B R A 5 S S iR
1 23 A 7 R A 15 (AR A B 3 SE A (p>0.05),


https://www.jac.ac.cn

2 1] o 25 0 ) b B S 140 8 8 A 0 B g 2 e 189
30 @
Em-
=y
0
g 27
E 05\\hEEggé%%ézzggf\\§s§==g§é§zz:=-
z i
4 2 4 6 8 0 2 4 6 8 10
B (Hz) A (Hz)
B8 N\APLE M R AR () BEROUBTRE; (b) M~ ) SUH R4
30 i i HE AT A A 552 B0 A 236 905 ] 8 il i J2 75 0o
I 2 -4 51 ONARHR Bh U 7 T B
2 110 7 7% Sy 0%l 34 J3h T 4 R 4 43 7 45 5
210 ] 10(a) % 1 [ 2(a) T [ 06 137 i 1 MISO BERY . 7E
N PR R [ 0 1Y 1 B AR F R EUL T 5 2 wAR T
0 PRBCEE A LR UG, RS IR B A ) | 0 {1
- 2t S8 il 4L T, AL T ) W 7 JL - 48 T ) 4% 5
g S, SRR 5 00 6 D 1 B A A S
= T 0 15 90 P P SRR R 0 X 4 3 [ W 7 22 S
. ‘ & 10(b) X 1z [ 2(b) LA e 7 Ay it Y MISO
2 e 10 R TR AT LU ), LA (0 4 A

PO A4 it S 91— 40 g T
LERR R
AT R P T P 1495 AR 2E 8 15 0, 0
ML 3.2 AR T AT T A2 e

3.2 EE[E MR IR BhERD T A4 3h 71 5 i AL Y 4
BT 5

0 3 LA 1] — U5 B A e ) P 0
I g A S5 A (A A 1 AR Al (L 6—
K1 9), T LUK B, MR Sl s % 5 A AR fi — 5
IR S A R R AE B2 MR T A 3 52 26,
o ] YAl o DN 87t R 0 B A Pl T 3.1 T
JSE A8 GE A8 38 7 YR AL BB 45— B B A 3R B2
AR AR AL S (IR ) W (T 5258 Wi, A i

BT 3 Hz DL A3 [ 22 A+ e B0 ik T4 A%
K- o 3K AT BE A5 e gl e W A T 1A O . ) -
B3 — 00X 1 00 o A 7 A 3 1 Al , D AR
W R 7 A I Sk A 1] WY 3~10 Hz B3R 11 P s 2 )
IR AT AR, T 1 S 5 1 o) B 22 RS R0
JE 4~5 Hz (142 SRS IR, Xl i il 13X — R
P PRS0 e 37 g SO 585 TS P00 f
M 17 S 2 108 2o 00 g b ) A S A T T 1] SR A
AR R T ST 2, AT S BT AR IR T IS
80 {5 ) 745 5 22 B A F eRECRCIR . B B UF,
N AR AU ST 7 760 5 ] ] 57530 00 kA Bl K JEE
SR AE AT A S 1T L 308 3o 7P A DX f )
o7 -5 2 i) Wi o7 S B S xfE USRI B9 . sz 3l o i
FR G A AR DN B0 W I\ A ) 137 RT REAT Bl T DX 23 Y
ol 17, A G 3 T Be A = sh Rl T i ARz

@) (b) ZEHMT

10 ke—————— _ 1l — — — - T
e ~ N MBS 7
k= —— ZEMT ' . /i

051 — — — il S\ LN

.......... B\ i RN . r\
T S IS A NN

2 4 6 8 10 2 4 6 8 10
W (Hz) S (Hz)

P10 I SRR T A RS F7 20 A RAR o BT 45 3R (a) AR 1) e R A A 1 (b) LMo Rz 41 o



190 i e

2 il 2024 4E

BRI A iR £E S Hz B, 18] 10(b)
R LA 313 1) i AR T R RS TR AR R R
Feilr, (B35 B BB A 2 AR T R EUHE, JFARER S
TR T I — I3 [, 3 fia) 3800l ox 3 000 05 7 2 A
W2 STHR Y o AE 0.5~3 Hz ARG [, th T4b T A
RT3 BT, 00 fes o 1o+ 73 W A, 22 FEAH T
PR R SR A A AR 5 10K, B A i 1) e A
fH o FEIX— IR [, MR AR R B A 5 2
HF PR &, 2 17 i A R ROALE TR IROK P
AL, TR R [ D0 A 25030 25 B 30, 3 1] 4 Sl
g B JL-F- 35 A TR o

4 fufesi— [ N AAZh 7 A58
41 B

A ek AR PR S S A 1) 7 1 ) A A
PRBN Sy ol T [ SR T A AR 32 AS 50
107 T R, PRIk, s It ] — U098l B9 A AA 5l
Ty KR L ks B R B AR Bl e R
A BT R AT, AR S i) [l R S A
MR G o B LA R A N5 1) Rl B
B i) (9 P RE, S S AT g 0BT 5 1) 1) IR 2l o 1
THEI g Al 25 NARZ]) Sy 2 AR BEORIES A AN TA] 11 BT .

m, k
— AW
Hj_

Bk, o (O

m

m,

s

o

P11 M A AR gl g A

SN BT 1) B R HE Y 42 S

25 AT LA S A BRI WA 25 A ) B s ok SRR, TR
hy LAY B A fE . IS HE RS2 AR,
MELE SZ BT R T Ao R 1 25° i e o P AR
|

T 455 ¥ £ e I R4 sz ke 54 2, A i B IR AR
IR my AR T my o TAE VLB, TR TS
BOF AR T A 45 58 T 1 S 80 R A #E A TR
Rt b KT AR R 25 5 R g5 Ik 5
EXFN o TE L TR AR 22 18] LK G5 RS Ao
Z (8], 3m P L £ A - e o . BRI
FEAG I A A AL B R 2R M B 4, 3 1 4 o
FE—PBHJE FA T AT DAAE — g B b R WA 1) 5 R0 KM —
IR AR M 7 ) 9 Bl 1 R AE . B — IR T4
A 1) [ 2 s RIS BHE 5058 9 3% B2 00 B o L L]
T . B ER RS T R SRR, K
T2 R 0 SCF U ey o 25 R R il i
BEE LSRN —T 8 WK s s fa X, FERE
AR R NI LG, A B — B KO A RN m,
Fon BN 2, Hal i KO ) F sh s | FHe
oLy FAKFRIMARSE R M7 s =4~ H il
B, o 3o T IR 1m e s, 1 AR RRRE SR 6,
EHRFE T BB, ) SCARARRE LR 6y B LA
HLUM [ 30, 1 SCARBRE SR x5 i AT 33
Jil 57 R 2 L 6,0

W Je, S LR T B . S0 A B
— B BRI S E L RIS BRI TP T (my + my,
il my), B E A — 5 B 5 HIFER (my), T A
T W EREN =D EHE, X BRG] AR
] [ RS 1SO 5982-20195) Fif #E 22 1 Sz e A& T
] 3 12 REPE I = A B IR R A B 3, [ B 5 )
il gy v = H B EE VUL . 7 FE Al L, 8 75 XL AR o
] AT UAEA: (1) 1SO 5982-201914 Jir #fi: i A 76
B 2538 0 5 AN 5 AR R 40 i 351 24 5 R 6 Bz, TRk
JUE AR Ty 1) L, AR SC R 28 AR RS ) = A~ B R
A RE Y S, XN AT . AR B LA
25, (7R AR 1) () B R 25 4 55 B AR 45 4 1) X6 I 56
RN . (2) BRI ) 55 — 1 i B Y ot &/l X
PR RN NG i S R I 5| T e i A A B
T[] 55— Bl R RIA my) | SCAR bR E SR 2z,
55 R BE VR IR my + my) B K 2y, S E
BERE SR zy, By AT [ IR BRI AL A% 5E SRz, 0

U, A] DL ST AR R G 3l ) 24 7 i . A
Wi 7 181 8h J1 2407 72

(71m1h31 +my(hy +hr1)2)él +my(hy +hrl)hr2é2 +[ki + &y + ka(hy +hr1)2]91 +[~ky + ks(hy + hy1),2160,—
kyChy + hy)xs + [ + e+ ca(hy +hr1)2]9| +[—cr +cs(hy +hyy )hr2]92 —cy(hy +h,y) Xy = k16, +0191;,

(Vzmzhrzz + mzhrzz)éz +myho(hy + hyy )91 + (kz + k4hr22) 0, + [—ky + ks o (hy + 1, )10) — ksho x4+

(Cz + C4hr22>92 +[=cr +csho(hy + by )]01 —cshinXy =0,


https://www.jac.ac.cn

2 AR DA A5 - AT 1) XSURRRN T 1) Al 28 AR LR W 3l )~ 191

Myiy +ky[xg = (hy + 7,0)0) — hafh ]+ calxg = (hy + h,0)0) — h,26,] = 0, 7

Horp, by g2 TR0 5 R I B S B R IR T B0 R E, Ay 2 BN IR T RSB N KT UL RS, A, 2
IR BB LR AR T R R ko, M e, 2R Sl T 1 M BEFIBELE s ky F ey 23 BB ILA
D) -SRI BEFIBELIE s v, -, MEE BB B IE R B, my,_, b FHRT BT .
R BY AR 15 1) 3 J1 22 J5 R
mz + (2 —zp)ka+ (G —2)cn—(z—2) ko — (22 —21)c,p =0,
(my+my+my+m)z+(z—z) ko + (22— 21) ¢ = 0,

msZ; + (23 —Zb)kv% + (23 _Zb) Cp3 = 0 (8)
HH, ke € s NI 1 EH R BRI 5 my g B0 e o = T [ 1 o3 it
4.2 HERIFHHESEENR

i 3 P AR S RS ) AR S S T A A BT RRAB% i, o i SCRT 57 g AR T gl g 2 28 AT U0
BRSO T — D e AL R A, H AR ek

i=1

min E() = J%Zﬂ My s D]~ Mo s )+ 37 (Mo s D]~ M e ) ©)

,\EF' o mod () T M, ang (f2) 73 50 R B T I A0 A 53 2 W (L FAH A, 3 Mo mmoa (F) R My ang () 3 311 A HY S5 26 T
3 B QAL B TRAE AR £, B IO, A0 2Ry 0.5~10 Hz JE N L) 0.25 Hz AR BR R T A A%, H s
ﬁi&mw/\%ﬂﬁiﬂu%rﬁiﬁ, AR NA=(m k¢ my k o yi v2 my ki ¢ ) o
ARl M, AR 17 9] 3 1 S Ed LUT S Ak 1l U]

1 1 v
min E(1) = JNZ(lMWd(f)l—lMmmod(f)l 5 D (1M e (] = |1 M1 s () (10)

i=1 i=1

|
/ﬁ\:l:':l’ /lv = ( n kvl Cyl ka C kv4 Cua )T o
Mo — 3 ] A\ AR By g 27 R SR 25 3R ke 3

3 BB SRR ) 125 58

e . , o , o it Wiz B2
FE 7% o RS TR TN 0 2 1) 00 At 000 1 - .
WLE R HAE I 12 %, BB | L e iy |
T S 7N, MR 1 ) my 120kg | k  1.68x10°Nmiad | c, 106 Nms/rad

A AR 0T (P 15 ) 7 DG 001 23R 5 D (01 8 Ab mo 150kg |k 331x10°Nm | ¢ 6.28 Ns/m
WA L ATAE b E R LR, T L MY I LE R e 260ke | ks T21%10'Nm | q, 10210 Nsim
(OLAENI) By — B (AR R R A B (i e 7 0105 | he LRI e 63 Nsim
R, XEIFRIME DL SHAAT R E e | N e e
P I IS 3 AASR S 8T A, IMBE G i I ’

200 — —— 10
@ e ) LAY

= — MR T - — ik 18 %
3 150¢ IV 16 5
B 100 f 14 =

50 0
~ 2 12~
= =
g g
oo o
= =

—4 —4

2 4 6 8 10 2 4 6 8 10

B (Hz) HiZ (Hz)

12 B SR AT A5 R (a) SRR T (b) MUBTRE LG



192 i e

il 2024 4E

AR KT BT 0 B 3 g R e K T v, LR R
RO BEAR: 5 H 0 7K 13z 0 g P 38 A BELJE BRI, 3 A5
A A ) P8 235 o OO IS8 D 7 A P S i 7 ) 3
& S0 ) I 1) 57 X7 ol /1 o = =

5 4515

A SC R 30 AR Bl g 2 fh MR, o
ST BT B0 A A, R TR
B 7 ) b RS AR, F@Fﬁ%%ﬁ%%ﬂ%@ﬁm
A — A T BT A0 06— g 4 3 9 ) 2 1) [ Bl 4
I 2 R (65 [+ S 400 7 A6 R, O3 e O R 0 B A
F8 T NARTE[f) | DU 2 5 e A RS 5 5 R B e
7T 3 A A — e e R0l e I 4 A Bl T
SRR L AR AS SO R B AL A {5 — 2 ) A AR Bl
JyEE e BRI A R, RS T LA T 458

(1) BHEE R R, AAFE 1 Hz F1 2.5 Hz BT
AT S RN N Dot 5 e (Y Y s Il O |
2 (1 NI RN

(2) S T 3 fia) 0] {6 2645 8l T, D016 4% 3 38 il
Xt AR [ 3 77 22 RV AR 0~10Hz 551 R 3 BBl )L
P RAFAERE I o 5 2Z 2L, T () 384l X 7 o 4 B
A A 2851 548 R A 25 0 3 A A 5% 2 1L 1740 5% Wi A,

T o AETE ) BT 1) A PR B SRR AR T
PN, NP, S 1) 2l = J57 (98 AN T

(3) ARSCHESE 175 [ e BEMIAB . 2 1) A AAB) g7
BRI IR TR R i Bl 2 S, B = A
M5 1] B Pl RE A B = A2 fa) [ B2, A 04
5, 3 1) XU R 3l T AAR SIS RE T

Z £ x W

1 Fairley T E, Griffin M J. The apparent mass of the seated human
body: Vertical vibration. J. Biomech., 1989; 22(2): 81-94

2 ETLAE, G, AR, S AL N [ IR BN I A L E
PEAGT e [ R HARRNE, 20115 41(12): 1640—1648

3 Kumar V, Saran V H. Biodynamic model of the seated human
body under the vertical whole body vibration exposure. Int. J.
Acoust. Vib., 2019; 24(4): 657-664

4 Fairley T E, Griffin M J. The apparent mass of the seated human
body in the fore-and-aft and lateral directions. J. Sound Vib.,
1990; 139(2): 299-306

5 Huang Y, Griffin M J. Nonlinear dual-axis biodynamic response
of the semi-supine human body during longitudinal horizontal
whole-body vibration. J. Sound Vib., 2008; 312(1-2): 273-295

6 Kuang H, Qiu Y, Liu C, ef al. A nonlinear biodynamic model of
seated human body exposed to vertical vibration with sensitivity
analysis. Mech. Syst. Signal Process.,2023;204: 110758

7 Dong R C, He L, Du W, et al. Effect of sitting posture and seat on

biodynamic responses of internal human body simulated by finite

10

13

14

15

16

19

20

21

22

23

24

25

element modeling of body-seat system. J. Sound Vib., 2019; 438:
543-554

Mansfield N J, Griffin M J. Effects of posture and vibration mag-
nitude on apparent mass and pelvis rotation during exposure to
whole-body vertical vibration. J. Sound Vib., 2002; 253(1):
93-107

Nawayseh N, Sinan H A, Alteneiji S, et al. Effect of gender on
the biodynamic responses to vibration induced by a whole-body
vibration training machine. Proc. Inst. Mech. Eng., Part H: J.
Eng. Med., 2019; 233(3): 383-392

TR, IR, PR B, S5, T [ 9% B We R T A AL A AR )
JIEERERL YRS 5 i, 2016; 35(4): 104-109

HAEH, T2, 1R, 5. AR AR B 2 3) 7 2 AL AT
Fo——E PSR S AR AL AP IE MW T S, T
FE B it244), 2017; 24(6): 638—647

Wei L, Griffin M J. Mathematical models for the apparent mass of
the seated human body exposed to vertical vibration. J. Sound
Vib., 1998; 212(5): 855-874

Zheng G, Qiu Y, Griffin M J. An analytic model of the in-line and
cross-axis apparent mass of the seated human body exposed to
vertical vibration with and without a backrest. J. Sound Vib.,
2011; 330(26): 6509-6525

Kitazaki S, Griffin M J. A modal analysis of whole-body vertical
vibration, using a finite element model of the human body. J.
Sound Vib., 1997; 200(1): 83—103

Nawayseh N, Griffin M J. Non-linear dual-axis biodynamic re-
sponse to vertical whole-body vibration. J. Sound Vib., 2003;
268(3): 503—523

Huang Y, Griffin M J. Nonlinear dual-axis biodynamic response
of the semi-supine human body during vertical whole-body vibra-
tion. J. Sound Vib., 2008; 312(1-2): 296-315

Nawayseh N, Griffin M J. Tri-axial forces at the seat and backrest
during whole-body vertical vibration. J. Sound Vib., 2004; 277(1-
2): 309-326

Qiu Y, Griffin M J. Biodynamic responses of the seated human
body to single-axis and dual-axis vibration. Ind. Health, 2010;
48(5): 615—627

Mansfield N J, Maeda S. Comparison of the apparent masses and
cross-axis apparent masses of seated humans exposed to single-
and dual-axis whole-body vibration. J. Sound Vib., 2006; 298(3):
841-853

Qiu Y, Griffin M J. Biodynamic response of the seated human
body to single-axis and dual-axis vibration: Effect of backrest and
non-linearity. Ind. Health, 2012; 50(1): 37-51

Hinz B, Blithner R, Menzel G, et al. Apparent mass of seated
men — Determination with single-and multi-axis excitations at
different magnitudes. J. Sound Vib., 2006; 298(3): 788—809
Mandapuram S, Rakheja S, Boileau P E, ef al. Apparent mass and
head vibration transmission responses of seated body to three
translational axis vibration. Int. J. Ind. Ergon., 2012; 42(3):
268-277

Mansfield N J, Maeda S. The apparent mass of the seated human
exposed to single-axis and multi-axis whole-body vibration. J.
Biomech., 2007; 40(11): 2543-2551

Wu J, Qiu Y. Modelling of seated human body exposed to com-
bined vertical, lateral and roll vibrations. J. Sound Vib., 2020; 485:
115509

Sun C, Liu C, Zheng X, et al. An analytical model of seated hu-


https://doi.org/10.1016/0021-9290(89)90031-6
https://doi.org/10.1007/sl1431-011-4461-6
https://doi.org/10.1007/sl1431-011-4461-6
https://doi.org/10.1007/sl1431-011-4461-6
https://doi.org/10.20855/ijav.2019.24.41335
https://doi.org/10.20855/ijav.2019.24.41335
https://doi.org/10.1016/0022-460X(90)90890-C
https://doi.org/10.1016/j.jsv.2007.10.047
https://doi.org/10.1016/j.ymssp.2023.110758
https://doi.org/10.1016/j.jsv.2018.09.012
https://doi.org/10.1006/jsvi.2001.4251
https://doi.org/10.1177/0954411919830122
https://doi.org/10.1177/0954411919830122
https://doi.org/10.13465/j.cnki.jvs.2016.04.017
https://doi.org/10.3785/j.issn.1006-754X.2017.06.005
https://doi.org/10.3785/j.issn.1006-754X.2017.06.005
https://doi.org/10.1006/jsvi.1997.1473
https://doi.org/10.1006/jsvi.1997.1473
https://doi.org/10.1016/j.jsv.2011.06.026
https://doi.org/10.1006/jsvi.1996.0674
https://doi.org/10.1006/jsvi.1996.0674
https://doi.org/10.1016/S0022-460X(03)00254-2
https://doi.org/10.1016/j.jsv.2007.10.046
https://doi.org/10.1016/j.jsv.2003.09.048
https://doi.org/10.2486/indhealth.MSWBVI-26
https://doi.org/10.1016/j.jsv.2006.06.017
https://doi.org/10.2486/indhealth.MS1298
https://doi.org/10.1016/j.jsv.2006.06.020
https://doi.org/10.1016/j.ergon.2012.02.002
https://doi.org/10.1016/j.jbiomech.2006.10.035
https://doi.org/10.1016/j.jbiomech.2006.10.035
https://doi.org/10.1016/j.jsv.2020.115509
https://www.jac.ac.cn

2 1

AR e A5 - AT —: o) U Rl T~ B A S AR AE W 8 g 2 e 193

26

27

28

29

30

man body exposed to combined fore-aft, lateral, and vertical vi-
bration verified with experimental modal analysis. Mech. Syst.
Signal Process., 2023; 200: 110527

Parsons K, Griffin M. Vibration and comfort, II. Rotational seat
vibration. Ergonomics, 1982; 25(7): 631-644

Beard G F, Griffin M J. Discomfort caused by low-frequency lat-
eral oscillation, roll oscillation and roll-compensated lateral oscil-
lation. Ergonomics, 2013; 56(1): 103—114

Beard G F, Griffin M J. Discomfort of seated persons exposed to
low frequency lateral and roll oscillation: Effect of seat cushion.
Appl. Ergon., 2014; 45(6): 1547-1557

Millard M, Uchida T, Seth A, et al. Flexing computational
muscle: modeling and simulation of musculotendon dynamics. J.
Biomech. Eng.,2013; 135(2): 021005

Nawayseh N, Griffin M J. Tri-axial forces at the seat and backrest
during whole-body fore-and-aft vibration. J. Sound Vib., 2005;

31

32

33

34

281(3-5): 921-942

Hinz B, Menzel G, Bluthner R, et al. Seat-to-head transfer func-
tion of seated men — Determination with single and three axis ex-
citations at different magnitudes. Ind. Health, 2010; 48(5):
565-583

Matsumoto Y, Griffin M J. Modelling the dynamic mechanisms
associated with the principal resonance of the seated human body.
Clinical Biomech.,2001; 16: S31-S44

Pankoke S, Buck B, Woelfel H. Dynamic FE model of sitting man
adjustable to body height, body mass and posture used for calcu-
lating internal forces in the lumbar vertebral disks. J. Sound Vib.,
1998; 215(4): 827-839

ISO 5982: 2019. Mechanical vibration and shock — Range of
idealized values to characterize human biodynamic response un-
der whole-body vibration. International Organization for Stand-
ardization, 2019


https://doi.org/10.1016/j.ymssp.2023.110527
https://doi.org/10.1016/j.ymssp.2023.110527
https://doi.org/10.1080/00140138208925024
https://doi.org/10.1080/00140139.2012.729613
https://doi.org/10.1016/j.apergo.2014.05.002
https://doi.org/10.1115/1.4023390
https://doi.org/10.1115/1.4023390
https://doi.org/10.1016/j.jsv.2004.02.047
https://doi.org/10.2486/indhealth.MSWBVI-03
https://doi.org/10.1016/S0268-0033(00)00099-1
https://doi.org/10.1006/jsvi.1998.1699

	引言
	1 人体动力学响应测试方法
	1.1 试验设备
	1.2 被试者
	1.3 试验设计
	1.4 数据分析方法

	2 单轴侧倾振动激励下的人体动力学响应特性
	2.1 单轴侧倾振动激励下的视在惯量
	2.2 单轴侧倾振动激励下的视在惯量的统计分析

	3 垂向−侧倾双轴振动激励下的人体动力学特性
	3.1 垂向−侧倾双轴振动激励下的人体动力学响应
	3.1.1 垂向同轴视在质量
	3.1.2 侧倾同轴视在惯量

	3.2 垂向−侧倾振动激励下人体动力学响应的偏相干分析

	4 侧倾−垂向人体动力学模型
	4.1 模型拓扑
	4.2 模型动力学参数识别

	5 结论
	参考文献

