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Knowledge of the transmissibility of seats and the biodynamic responses of a seated person exposed to

fore-and-aft vibration are very limited despite extensive research in the vertical direction. This thesis
aims to extend understanding of the transmissibility of backrests and the apparent mass of the back

during whole-body fore-and-aft excitation.

A series of experiments has measured the transmissibility of backrests and the apparent mass of the
back of seated persons exposed to whole-body fore-and-aft vibration. In most experiments, twelve male
subjects were exposed to random fore-and-aft vibration in the frequency range 0.25 Hz to 20 Hz at five
vibration magnitudes: 0.1, 0.2, 0.4, 0.8 and 1.6 ms? r.m.s. The effects of backrest inclination, seat-pan
inclination, push force at the feet and fore-and-aft position of the footrest on both the transmissibility of
backrests and the apparent mass of the back were investigated. The influence of different foam thickness

on the transmissibility of a foam backrest was also investigated.

The transmissibility of a car seat backrest and a foam backrest showed a principal resonance frequency
around 5 Hz, which coincides with the principal resonance frequency of the apparent mass of the back. It
is suggested that the resonance frequency of the backrest transmissibility is related to the mode of
vibration of the body at the principal resonance - a mode of the entire body involving combined bending

in the thoracic spine and pitching of the pelvis and the upper body.

The fore-and-aft transmissibility of both backrests varied significantly between 2 and 10 Hz when
measured at five vertical locations at the backrest above the seat surface, although the resonance
frequencies showed little changed. The variation in the transmissibility may have arisen from relative
movement along the spinal column caused by the different modes of vibration the body at the principal

resonance during fore-and-aft excitation.

The apparent mass of the back was significantly non-linear with vibration magnitude. The non-
linearity of the body is suggested to have greatly influenced the non-linearity in the transmissibility of

backrest with vibration magnitude.

Commonly experienced variations in the backrest inclination (up to 20° from vertical) and push force
at the feet (from ‘no force’ to 150 N) had a greater influence on both the fore-and-aft transmissibility of
backrests and the apparent mass of the back than variations in the seat-pan inclination (up to 15° from
horizontal) and variation in the fore-and-aft footrest position. In addition, increasing foam thicknesses

(from 25 mm to 200 mm) decreased the resonance frequency of the transmissibility of the foam backrest.

Four alternative multi-degree-of-freedom linear lumped parameter models were developed to represent
the human-body and showed good predictions of the apparent mass of the back between 0.25 and 10 Hz.
The dynamic impedance of the backrest cushions of the two seats were measured using an indenter and
the backrest cushions were represented by a model consisting of a spring and a damper. A seat-person
model was developed (i.e. human-body model combined with the backrest cushion mnodel) to predict the
transmissibility of both backrests. It was found that a seat—person model with rotational capability
provide encouraging predictions of the transmissibility of both backrests, although further development

is required.



Contents

List of Symbols vii
Acknowledgements ix
Chapter 1 Introduction ............. ferbeeietareestietbustr e rhr it e eastan s terseb b sereeareniseransterrrnreees 1
1.1 General ObJECEIVE t.iiiriiiiiiiiii e et et e 2
1.2 Principal assuInPEION....cueueuuuemreirriiiiererereseereieteeeesetrneeaseeserersaan e eesseaeeeresseseraanrererneee s 2
1.3 THESIS OVETVIEW ...eeiieieiiiitiiii e e e et ee e e e ereeaeeere b e et s eseeeeee st aab b eeseeeeeebs st snanaenennensseansens 3
Chapter 2 Literature review .....ccccccoiiiviiiiiiiiieiiiciiiiiniieiinniiinen st e s sssssinenereesseses 5
2.1 INErOAUCEION coivee et e e 5

2.2  Dynamic responses of a sitting person exposed vertical and horizontal (fore-and-aft

and lateral) VIDIation ........c..ooiiiiiiiiiiiee e 7
2.2.1 Introduction .. . cuiieiiiii 7
2.2.2 Mechanical impedance of seated person exposed to whole-body vertical
VIDIation oo s 8
2.2.3 Factors affecting body impedance of seated persons exposed to whole-body
vertical VIbIation.........ccccoooiiiiii SUPTRTNRPOO 13
2.2.3.1 Effect of posture and muscle tension ...........ccocoeiiiieiriniiiiiii, 13
2.2.3.2  Effect of footrest......cooovviriiiiii 21
2.2.3.3 Effect of backrest, backrest and seat angles...............c.cccooiiiininnin, 25
2.2.3.4 Effect of vibration magnitude..........cccooooiiiiiiiiiiiii 30
224 Mechanical impedance of seated persons exposed to whole-body horizontal
vibration (fore-and-aft or lateral) .........cocoviiiiiiiiiiiii 35
2.2.5 Factors affecting body impedance of seated persons exposed to whole-body
horizontal vibration (fore-and-aft or lateral) ..........cccccoiiiiiiiiiiiii 39
2.2.5.1 Effect of posture and backrest ............cocoooiiiii 39
2.2.5.2 Effect of vibration magnitude..........c.oooiiiiiiii 42
2.2.6 COMCIUSIONIS 1.1ttt et et e et e e e e e e e e e e e e et eananaeee 46
2.3 Seating AyMAMICS ..vviiiiiiiii ittt ettt s e re e s sttt e et e ea ettt aeeee e s naa e 47
2.3.1 TntrodUCHION  ve e e 47
2.3.2 Methods of evaluating seating dynamics ........ccccovveeiiiiiniiiiiiiiin e, 47

2.3.3 Measurement devices for vibration on seats ......coocoviviiviiiiiiiii . 47



CONTENTS ii

2.3.4 Transmissibility of seats (conventional and suspension) in the vertical
AITECHIOM oot e e e e e e e 50
2.3.5 Factors affecting seat transmissibility in the vertical direction................. 53
2.3.5.1 Effect of sitting posture......ccooovvemiiiiiiiiiii e 53
2.3.5.2  Effect of footrest....cevrrvierriiiriiii e, JUTRR 55
2.3.5.3  Effect of backrest, backrest inclination and seat pan inclination......... 55
2.3.5.4 Effect of subject characteristics .....ccococvveviiiiiiiiiiiiiii 59
2.3.56.5  Kffect of different material properties..........cccocoiviviiiiiiiniiiiciiiinnnn 60
2.3.56.6  Effect of vibration magnitude......c..ccooevrriieiiiiiiiiiiiiii e 62
2.3.6 Transmissibility of seats in horizontal directions........cccccoeeiiiiiiiiiiiiinnnn.. 64
2.3.6.1 Fore-and-aft direction ............cccoeeiviiiiiiiiiiiii 64
2.3.6.2  Lateral direction. .. ..uueeeerireeeriiiieerieiiiii e eeeetreie e i e e e e 67
2.3.7 Factors affecting seat transmissibility in the horizontal direction............. 67
2.3.7.1  Effect of vibration magnitude........cccco.oiieiiiiiiiinii i 67
2.3.8 L0703 a1l 15313 o L= F PSP 69
2.4  Biodynamic modelling of the seated persom.........ccoovviviiviiiiiiiiriiiiii e, 69
2.4.1 TnErOdUCEION .o eevetiit e e 69
2.4.2 Lumped parameter modelling in the vertical direction..........ccco.coeeuienae. 70
2.4.2.1  Linear mMoOdelS......oceeiiiviiiiiirieiiiie e et e e 70
2.4.2.2 Non-linear models...........oriveriiiiiiiiiiiiii e 79
2.4.3 Lumped parameter modelling in the horizontal vibrations (fore-and-aft and
lateral) oo 81
244 COMCIUSIONS ..ttt ettt et ettt e e et arret e e e ee e 82
2.5 Measuring seat transmissibility without subjects............cc...o 83
2.5.1 INErOdUCTION ...t e e 83
2.5.2 Testing seat with rigid mMass c.....evievvrirrriieii e 84
2.5.3 Testing seat with antropodynamic dummy ..........cooeeeiiiiiiiiiniiiiiiiininene 85
2.54 Methods of predicting seat transmissibility .......cccceoveeiiiviiiiniiiiniiiiiinen. 88
2.5.5 CONCIUSIONS ..t eeer et e ettt s e e e ne e e e eeraeennies 93
2.6 General CONCIUSIONS ... .iiiiuiiiiiii it e e e 94
2.7  Motivation of 1€search . .....cooiiiiiiiiiiii i 96
Chapter 3 Experimental apparatus and data analysis .......ccceeveeieinieiininiiiiecnnnnnnnnnne. 99
R B § 015 {016 1 U1 L) « WA PP O 99
3.2 A DDATALUS vt e eieiieiitee e e et e s e e e e e e e anaes 99
3.2.1 A2 103 2% e ) - PP PO U PRTOTOR 99
3.2.1.1  Electro-hydraulic vibrator ...........coociinviiiiiii 99
3.2.1.2  Electro-magnetic vibrator.........ociii 100
3.2.2 TTANSAUCETS ...t eeieieiiieieiie et et e et e s e e et e e et e e e eenbn e e 101

3.2.2.1 A CCEIETOTIELETS - o e 101



CONTENTS il

3.2.2.2  TForce transduCers.....ccovvveerccoiniinreirieeieei it eee e e 104

3.3 Data acqUISIEION cuunieeirit ittt et e e e e e e enaaaaas 106
3.3.1 HVLab Data Acquisition and Analysis System (version 3.81) ................. 106

3.4 Data analysis: frequency response functions ........cceeeeiiiivieeiiiiiiieeiiiiiee e 108
3.4.1 TransmissibDIity .oovevreririeieie e 108

3.4.2 ADDATENT INIBSS ..ottt tre et e e e e s ee ettt ee e ee e e 108
3.4.2.1 Mass cancellation ......cooovviiiiiiiiiicini e 109

3.4.3 Dynamic properties of the backrest cushion..........ccoooveeeviiireiiiiiiiieenn., 110

3.5 Data analysis: statistical 16StS ..uciiuueeiiiiiiiiiiiii e 111
3.5.1 Friedman two-way analysis of Variance.........ccccovviieviiiviniinnenieneeeeie e 111

3.5.2 Wilcoxon matched-pairs signed ranks test ......c.ococcveeeiviiiiioinniniiiiiinnnn.n. 112

3.5.3 Spearman rank order correlation coefficient ...........ccooeeviiiiiiinnniiiiinn 112
Chapter 4 Fore-and-aft transmissibility of backrests .....cccoeeeiriruriiiiinereciiniiniiieninnnns 113
4.1 TntrodUCEION covvvviviiiiii et e e e eer s e 113
4.2 MMELROM coivieee i ettt et e an e e e e e e e e e v are et aees 114
e T € oYY 2 1= I P OSSPSR 118
A4 RESULIES .o eieiiiiiie e e e e et e e e eabaas 119
4.4.1 Inter-subject variability .....oocoeeeeiiriir i, 119

4.4.2 Variation in backrest transmissibility......oooivevveieiiiiiiiiiiiiiieiiiiie e 121

4.4.3 Effect of vibration magnitude ..........ccoeeeeiiiimmiiiiiiiee i 129

B T T UL Lo ) « TP 132
4.8 CONCIUSIONS .. eveeeteeeiit ettt et ettt e ettt e e e bt s e s bt eebeatn e e e e s bbbnnn s e s aaebennns 135
Chapter 5 Factors affecting transmissibility of backrests ........cccoevvveriiinieeiriiiinnnin 136
570 B 51 o Le 1 ¥ ez A o3 « WU 136
5.2 Effect of foam thickness and vibration magnitude..........coooevviiiiiiiiiniiiiiiiiia. 136
5.2.1 Introduction . ..vevieeeie e e 136

5.2.2 Method .. e 138

5.2.3 A ALY SIS et e e e e et e e ettt e reaaes 140

5.2.4 RESULES et et e e e e 140
5.2.4.1 Inter-subject variability..........ccooveimmmmiiiiiirieiieiceire e 140

5.2.4.2 EBffect of foam thickness .......ccccooooiviiiiiii 141

5.2.4.3 Effect of vibration magnitude.........c.ccooeoviviiii 142

5.2.5 DDISCUSSION «ceviveriie e ettt 143

5.2.6 107031 Te] LT (o7 1 1 J PP PO 145

5.3  Effect of backrest inclination and seat-pan inclination ...........ccccoevvieriiiiiiiiniinn, 145
5.3.1 INETOAUCEION ovvei ittt e 145

5.3.2 MELROA oeeee e e e e ettt s 147

5.3.3 ADALYSIS 1ot 150

5.3.4 RESUIES e e s 151



CONTENTS iv

5.3.4.1 FEffect of backrest inclination.......cc....c.....c.... et 151
5.3.4.2 Effect of seat-pan inclination..........cc..ccoooen... ................................... 154
5.3.5 DISCUSSION teiivvvairiiiiiii e 158
5.3.5.1 Effect of backrest inclination........ccccoooveievvrriiieiiieneniiee 158
5.3.5.2  Effect of seat-pan Inclination........ccooevvveieiiiiiiiiiin i 160
5.3.6 Conclusioﬁs ............................................................................................. 161
5.4 Effect of the push force at the feet and the horizontal position of the footrest .......... 161
5.4.1 INtroduction.....ccoiiiiieriiiiiii e 161
5.4.2 Method .....ooooiiiiiii e s 162
5.4.3 ATIALYSIS .. eeeeiiiii e e ettt e e e eens 164
5.4.4 RESULES ..o 165
5.4,4.1 Effect of the fore-and-aft push force at the feet............o...cooooeiiii 0 165
5.4.4.2 Effect of the horizontal position of the footrest ..........ccooeeiiiinveernnnn.... 166
5.4.5 DASCUSSION «evvvveivie ettt e 167
5.4.5.1 Effect of the fore-and-aft push force at the feet .......oooevviiniiinine 167
5.4.5.2 Effect of the horizontal position of the footrest ..........cccooevviiiivennne 168
5.4.6 COMCIUSION +vevivti e e e ettt e e et a e e et s e e e e e e e 168
Chapter 6 Fore-and-aft apparent mass of the back .........ccoevrrirviiiiniiiininiiiniienninnn, 169
ST 5o U s e 11Tt e H P OO P TSP TSUOPPRt 169
B.2  MEthod . cooniiit i ettt e e 171
8.3 RESUIES .t i e et et et eeaee 175
6.3.1 Apparent mass of the back at five locations above the seat surface ........ 175
6.3.1.1 Effect of vibration magnitude..............c.coeereeenen.. e veeeer i eeerreeeaanes 180
6.3.2 Apparent mass of the entire back ......coccoeeevierieririiiii e 182
6.3.2.1 Effect of vibration magnitude...........ccccceriniiririiiiiinennnn, et 183

6.3.3 Comparison of the apparent mass of the back measured at five locations
and with the entire Dack .......o.ooiviiiii 184
5.4 DISCUSSIOIL 1eteuuneiiniiiit e it ettt et e e et e et e e e et e et s e et e e e e e 185
6.4.1 Modes of vibration of the body ......ccoociiiiiiiiiiiiii i, 185
6.4.2 Biodynamic responses at low frequency (i.e. near 0 Hz).............cecco 187
6.4.3 Variation in apparent mass of the back .......ccoooiviiiiiiiiiiic e, 188
6.4.4 Non-linearity of the body with vibration magnitude ..........c.cccocveere s 189
6.4.5 Biodynamic model .........ouiiiiiiiiiiiii e 190
TR T @05 1ol L) To3 1T S OO PSP PR OROPPPRPR R 190
Chapter 7 Factors affecting apparent mass of the back ......cccccvvvvrvevverierreresrercnennes 192
A% RN 6315 ¢o T ¥ o1 i e « WP PSP TUPPPPRER 192
7.2  Effect of backrest inclination and seat-pan inclination .........c.cooiviiiiiiii. 192
7.2.1 Introduction.......oooiiiiiiiece e 192

7.2.2 MEthod .o s 194



CONTENTS v

7.2.3 ADALYSIS covuiei it e e e e e 197

7.24 RESUIES e e 199
7.2.4.1 Effect of backrest inclination.......cocceeeevvieiiiiiiiiiiiiiinininrieie e, 199

7.2.4.1.1 ‘Fore-and-aft’ apparent mass........... e ererrererearenens 199

7.2.4.1.2 ‘Cross-axis vertical’ apparent mass..........ccoeeevveriiviierivrnenennnns, 201

7.2.4.2 Effect of seat pan Inclination.......cccoveeieviviiiieiniiieiiiieree e, 202

7.2.4.2.1 ‘Fore-and-aft’ apparent mass........c.coeeciverviiiririnrieriiineriieennnns 202

7.2.4.2.2 ‘Cross-axis vertical’ apparent mass.........cccooeeviieeiiviiieninniennnnnn. 204

7.2.5 DISCUSSION .t ee oo e 205
7.2.5.1 Effect of analysis method ...........coevviiviiiiiiiiiiniiii e, 205

7.2.5.2 Effect of backrest Inclination ....c....ccocveireiiiiiiiriminiii 207

7.2.5.2.1 ‘Fore-and-aft’ apparent mass.......ccooveeiiieiriiiiiiiniii e 207

7.2.5.2.2 ‘Cross-axis vertical’ apparent mass........ccccooeeerreemininineeiiinninnnn. 209

7.2.5.3 Effect of seat-pan inclination...........c..oooocooiiii 210

7.2.5.3.1 ‘Fore-and-aft’ apparent mass........cccceveveeeennnne. e 210

7.2.5.3.2 ‘Cross-axis vertical’ apparent mass.........cccooeeevrrermrenrercenennnnen. 210

7.2.6 107070 L 3 To ) + W PSSRSO PRI 211

7.3 Effect of the push force at the feet and the horizontal position of the footrest .......... 211
7.3.1 Introduction......ovviieeiiiie e 211

7.3.2 MELHO et e 212

7.3.3 ADALYSIS c1vvvniinti i e e e e e e e e e v e ettt e e e e e eecere e 213

7.3.4 RESULES ettt e 214
7.3.4.1 Effect of the push force at the feet ......coovieriiiiiiiii 214

7.3.4.2 Effect of horizontal footrest position.........oooevveriviiiiniiiiiiiinn, 216

7.3.5 DASCUSSION. v eeeee e ee e sees e ee s eaes e s s s eee s eseeee s es s 218
7.3.5.1 Effect of the fore-and-aft push force at the feet ..........c....ccoociiiiinnl, 218

7.3.5.2  Effect of the horizontal position of the footrest ...................o 219

7.3.6 CONCIUSION L1ttt ittt ettt et et e b s s 220
Chapter 8 Predicting fore-and-aft backrest transmissibility ...ccccooovvviviiivnnniniinannais 221
8.1 INtTOdUCEION ..uutieiiiie et e e 221
8.2 Modelling apparent mass of the back.......ccccoevvviiimiiiiiiiini 222
8.2.1 Introduction . ... 222

8.2.2 Lumped parameter model .........cooeeveniiieiiiiiiii i 223

8.2.3 Fitting with experimental data ........ocoeeeniriiiiiin 225
8.2.3.1 Discussion and concluding remarks ...........covivmiiiiiii 228

8.2.4 Sensitivity analysis........ccccceeeirieiiniiiiiiii e 229

8.3 Measurement of seat mechanical impedance with an indenter..................oco 230
8.3.1 Introduction.........cocoiiii 230

8.3.2 Method and analysis............coovieiiieeiiiiieo e 231



CONTENTS vi

8.3.3 Results and DiSCUSSION......vvveeermiiimiiiiiciin et 233

8.3.4 Backrest cushion model........ocvvrierirsiieeereiiiiiiieiiic e 235

8.3.5 CONCIUSIONS ..ttt ettt e e et e e e e e e s e es 238

8.4 Predicting backrest transmissibility ......cocoviveriiiieeeriiiiiiiiiiien [T 238
8.4.1 Mé,thematical equation of the transmissibility model .........c..ccoeoevviiiennnn. 239

8.4.2 Results and diSCUSSION ...ccoevvviiiviieiiiiireeeee e, 240

8.5  Alternative models for predicting backrest transmissibility ......c.occooovvieeviiiiiiiiinnnn.... 241
8.5.1 Alternative models of the apparent mass of the back...........c..cocoveervenei. 241
8.5.1.1 Fitting with experimental data.........c.ccovevvvririiicrneeniiiiiiiiie, 243

8.5.1.2  Sensitivity analysis......ccccciiiirirmiiiiiiiiiiii it 248

8.5.1.3  Predicting backrest transmissibility........cccevvieiieiiveneiiiiiiiiiiiiiiiieen, 250

8.5.1.4 Discussion and concluding remarks .......ccooovviiiiiiieriiiiiiinee i 253

8.5.2 Alternative dynamic impedance of the backrest........ccccoocovveviiiiinnnnniiin, 253
8.5.2.1 Predicting backrest transmissibility........ccoeerieevirirecriniiiiiiicireciieeae 254

8.5.2.2 Discussion and concluding remarks .......ccceevvirrieiriiiiiiiicieriiiiiieieeeee 257

8.8 DISCUSSION trvvvereeiiiiiiieeeenii e e e e ettt e e e ettt et e eeatat e e e et e e etr s s e e aenae s s e e ebane s s eseaeaeneran e aaane 257
8.7 CONCIUSIOIIS ...t eee ettt s et e ettt e et e e e e ee e e s e e aaesueenenbebbnncnnatenanns 259
Chapter 9 General diSCUSSION ........ccvvvuiiriiiieiierimiiiiniiininerri e nreresseanses 260
T B 11 o s 1V Ted A o3 s R U OPPUPT TSPt 260
9.2 Validity of using linear method .......cccoooviiiiiiiiiiiinii e 260
0.3 General diSCUSSION....iiuvuui ittt eee e e e ettt sttt e e e e e aenia se e eeraate e e e e eearretaaaaes 262
9.3.1 Mode of vibration of the body........coeveviiiiiiiiiiiiiiiiiiii e 262

9.3.2 Variation in the transmissibility of backrests.......cccooevviiiiiiieiiiiiiiiinnn, 263

9.3.3 INON-HNEATTEY -ttt vveee e ee et r et e et et et e e e et e e e e e e b e e rna e aesraeeaaes 265

9.3.4 Factors affecting transmissibility of backrests.........ccccciiiiiiiinnn, 266

9.3.5 Biodynamic responses at low frequency (i.e. near 0 Hz) ....coco.cooveennnnnnn. 267

9.3.6 Conceptual model ........ooooiiiiiiiiiiii e 268
Chapter 10 General conclusions and future Work .........ccccceviiisivirerniiniiievivennnnnnnn 271
10.1 General COMCIUSIONS ..uuuuiiiiriieiie ettt e ettt et et e e et e e e e e e e s e eee bt e 271
102 Fubure WOTK ..ooooeiiiiii e e 272
Appendix A Fore-and-aft transmissibility of backrests: individual data................. 275
Appendix B Effect of foam thickness: individual data .....cccoovvvriiiireeinnreeniiiennnnnnen, 289
Appendix C Apparent mass of the back: individual data .......ccceeviievrvrveniiieinninnnn. 296

Appendix D Derivation of equations of motion (EOM) using Lagrange’s

4121 1 4L Yo (RSN 304



List of Symbols

a(f) Acceleration (ms?)
a, (f) Fore-and-aft acceleration (ms?)
a,; (@) Power spectral density (PSD) input acceleration
d(f) Displacement (m)
F P () Frequency response of the force measured at the driving-point
F(f) Force (N)
F, (f) Force load on the foam block (N)
E (f) Cross spectral density (CSD) of force and acceleration
F (f) PSD of measured force
F.(f) Total force acting on the subject (N)
F.(f) Force of the force-platform (N)
F. (o) ‘Fore-and-aft’ force (measured normal to the force platform)
F, (o) ‘Cross-axis vertical’ force (measured parallel to the force platform)
g Gravity (ms?)
Gio(f ) Cross-spectral density of the input and output acceleration
G, () Power-spectral density of input acceleration
G, (f) Power-spectral density of output acceleration
H(f) Transmissibility
|H]| Modulus of H(f)
Hz Hertz
Im Imaginary number
k kilo
kg Kilogram
m Metre
mm millimetre
mV milliVolts
M(f) Apparent mass
My (f) Apparent mass of the back
‘Fore-and-aft’ apparent mass of the back (i.e. normal to the force
M (f)
platform)
‘Cross-axis vertical’ apparent mass of the back (i.e. parallel to the
Myy (f) '

force platform)



LIST OF SYMBOLS viii

M, (f) Apparent mass of the subject and force platform
M, (f) Apparent mass of the force platform
N Newton
Re Real number
r.m.s Root mean square
S(f) Dynamics stiffness (N/m)

TDP (f ) Driving-point mechanical impedance frequency response
1, (f) Driving-point transmissibility frequency response
v(f) Velocity (ms™)

w Watts
Displacement

+ Velocity

¥ Acceleration

Frequency response of the resultant movements (acceleration,

velocity or displacement)

X %, (f ) Frequency response of the output acceleration
X ¥, (f ) Frequency response of the input acceleration
Z(f) Mechanical impedance (N/ms™)
72 (f) Coherency
0 Phase of H(f)
QM,, Phase of My (w)

W Omega

o Degree



Acknowledgements

First and foremost, I would like to express my utmost gratitude to God, the Almighty, for
blessing me with many good things in my life, and guiding me in the right path.

My special gratitude and appreciation goes to my supervisor, Professor M.J. Griffin, for his
skilful guidance, consistent encouragement and motivation, and excellent support throughout

my PhD study.

Special thanks to Universiti Putra Malaysia and the Malaysian Government for giving me

the opportunity and financial support to pursue my PhD study.

My research was also made easier with the help of my research colleagues within the HFRU.
Special thanks to Dr Miyuki Morioka for her statistical knowledge, Dr Thomas Gunston and
Dr Naser Nawayseh for their help in Matlab, and Gary and Peter for their consistent help
during my experimental work. My thanks also go to all member of the HFRU unit. It has

been a real pleasure being part of this research group.

Thanks also to all of my friends, in which I appreciated their help, in particular, Patleey,
Abu, Abang Pauzi and his family, Junaidi, Abang Sallehuddin and wife, Ober, Ucop, Amp
and many more which are too numerous to mention. Special thanks also to Abang Nizar and

Kak Ani, and Abang Yusairi and Kak Lin for keeping me ‘healthy’ for the past years.

My special thanks to my family for their unconditional love, support, motivation,
encouragement and all the beautiful things that they have done for me. To mak and ayah
(my parents), T will always be in debt with you with all the love that you gave to me and

raised me as a man I am today and for that, I thank you.

To my one special friend, my soul mate, my other half, my beloved wife, Gee, there is no
word that can describe how much I appreciate all your support, encouragement, criticism,
help and many more. Thank you for always being there for me. Most importantly, thank you
for your unconditional love to me. As the saying goes, behind every successful man is a

wonderful woman, and that woman is youl!

1X



To my parents

and

my beloved wife...



Chapter 1

Introduction

People are exposed to vibration almost everyday. The exposure comes in many different
forms, directions and magnitudes. The vibration exposure of the human body occurs in
vehicles, through seating, or when standing, or through vibrating-tools transmitting

vibration to the body through hands.

In vehicles, for example a car, much of the vibration exposure of a driver is through the seat,
but part of the vibration may be transmitted to the body through the steering wheel and the
pedals, via the hands and legs respectively. This vibration exposure to the whole-body
inevitably leads to discomfort when sitting for a period of time and may also disturb

activities.

An understanding of the biodynamic responses of the body to vibration, together with the
dynamic performance of seats has become increasingly important so as to improve the
comfort and performance, and to reduce any adverse effects of vibration on the health of
drivers and passengers. This is because the dynamic performance of seats is largely affected

by the dynamic response of the occupant.

Previous studies have shown that the body has a major resonance around 5 Hz during
vertical excitation. The vertical transmissibility of seats also shows a principal resonance
around 5 Hz. There are many factors that can affect the biodynamic responses of the body
and the transmissibility of seats. These findings are often obtained from the experimental
studies involving human subjects. However, the experimental work is labour intensive, time

consuming and involves inherent risks to the exposed subjects.

Some researchers have developed mathematical model that can adequately represent the
biodynamic responses of the body when exposed to vibration. Subsequently, the human body
model can be used to predict the seat transmissibility when it is combined with a seat
cushion model. This method is useful to assess seating dynamic for different seats without

having to use human subjects. However, most of the research conducted has focused on
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vertical vibration. Only a few studies have been conducted with vibration exposure in other

directions.

1.1 General objective

The general objective of this thesis is to improve understanding of the biodynamic responses
of seated persons and the dynamic performance of seats with fore-and-aft vibration. In
addition, this research continues the idea of predicting the backrest transmissibility based on
the seat-person model (i.e. combined biodynamic human body model that can adequately
approximate the apparent mass of the back with the backrest cushion model). This includes
quantifying the apparent mass of the back, the transmissibility of backrests and the
impedance of the backrest cushion. The factors that can affect both the impedance of the

back and the backrest transmissibility were also investigated.

1.2 Principal assumption

In this thesis, all studies were conducted with an assumption that the vibration on the seat
had little effect on the vibration at the back-backrest interface - any motion of the pelvic
girdle is de-coupled from motion of subjects’ spine and upper body. As the backrest
transmissibility is mostly, if not totally, dependent on the impedance of the back, and
therefore, there could be only small effect of the vibration on the seat to the vibration
at the backrest. This is based on a previous study by Fairley and Griffin (1984), which
the authors reported that the horizontal transmissibility (i.e. fore-and-aft seat
transmissibility) in the fore-and-aft direction is near unity. The assumption simplifies
the estimations of the dynamic properties of the back and backrest by rendering unnecessary

any calculations that would otherwise involve the seat as a correlated input.”

Likewise, it is also assumed that the effect of vibration on the seat is small to interface the
general responses of the impedance at the back at the back-backrest. The knowledge of the
influence of the vibration on the seat to the apparent mass of the back was only recently
uncovered (Nawayseh and Griffin, 2004a). Notwithstanding the mechanism involved, the
results of that study showed that high forces were measured between the thigh and the seat
surface. These high forces can be assumed to cause small relative movement (i.e. forward
and backward) of the body and seat surface, which may have little effect on the biodynamic

responses at the back-backrest interface.

The main advantage of specifying the principal assumption is that it simplifies the
estimations of the dynamic properties of the back and the backrest by rendering any

unnecessary calculations that would otherwise involve the seat as a correlated input.
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1.3 Thesis overview

The research approach in this study is simplified as in Figure 1.1. The apparent mass data
leads to a development of a linear lumped parameter model representing the human back in
the fore-and-aft direction. The human-back model is combined with the experimental data of
the dynamic stiffness of backrest cushions (to form a back-backrest model) so as to predict
the transmission of vibration through backrest of a seated subject during fore-and-aft
excitation. Experimental measurements of transmissibility are compared with the theoretical
predictions. Refinements are made to both the human-back model and the back-backrest
model to improve the predictions of the backrest transmissibility. In addition, the effect of
input location at the backrest, backrest inclination, seat-pan inclination, push force at the
feet, footrest position and foam thickness (for transmissibility measurement only) are studied
as an aid to further understand the biodynamic responses of the back and the dynamics of

the back-backrest system during exposure to fore-and-aft vibration.
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Figure 1.1: Simplified diagram showing the research methodology employed in this study.
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This thesis is organised into ten chapters (including this introductory chapter).

Chapter 2 reviews the principal literature on the dynamic responses of the human body in
the seated position and the dynamic performance of seats. Experimental studies and
mathematical models representing the experimental findings are discussed. Methods of

predicting the transmissibility of seats are also mentioned briefly.

Chapter 3 summarises the experimental equipment used. Methods of data analysis are also

discussed.

Chapter 4 reports the experimental findings on the transmission of vibration through
backrests with seated persons. The influence of the vertical position of the accelerometer on

the backrest and the effect of vibration magnitude are investigated.

Chapter 5 explores the factors that can affect the transmission of vibration through
backrests. The influence of foam thickness, backrest inclination, seat-pan inclination, push

force at the feet and horizontal position of the footrest are investigated.

Chapter 6 documents measurements of the apparent mass of the back. The non-linear
response of the body with vibration magnitude was investigated. The influence of input

location at the back on the apparent mass of the back is also discussed.

Chapter 7 investigates the influence of backrest inclination, seat-pan inclination, push force

at the feet and horizontal footrest position on the apparent mass of the back.

Chapter 8 predicts the backrest transmissibility from the measured apparent mass of the
back and the dynamic stiffness of the backrest cushion. Mathematical models representing
seated person based on the results of Chapter 6 were developed. The measurement of the

dynamic properties of backrest cushions is also discussed.
Chapter 9 presents a general discussion of the work in this thesis.

Chapter 10 offers the conclusions of this thesis and suggests some recommendations for

future work.



Chapter 2

Literature review

2.1 Introduction

Human responses to whole-body vibration are very complex phenomena. Over several
decades, researchers and scientists have conducted studies, either laboratory work, field
measurements or questionnaire surveys to understand the complex responses of the body to
vibration. Most of these studies have been written in scientific papers, reports and other

documents. This chapter cites the scientific work relevant to this research.

Dynamic responses of the human body exposed to whole-body vibration are usually
represented by transfer functions of the frequency response. The transfer functions are
calculated based on spectral analysis. A minimum of two measurements is required to
calculate a frequency response function. These measurements may be at the same point or
at different points. The results express the relation between two signals and allow both the
relative magnitude and the relative phase to be determined. These frequency responses
may therefore be expressed either in a single complex number or in two numbers consisting

of magnitude and phase.

In the case of calculating the frequency response from two measurements at the same
point, the transfer functions are normally obtained from the ratio of the driving-point force

of the seat-person interface to the resultant movements:

Tpp (f) = iL((ff)) (2.1)

where Tpp (f) is the transfer function of the frequency response of the ‘driving-point
mechanical impedance’, Fp, (f), is the frequency response of the force measured at the
driving-point seat-person interface and X, ( f ), is the measured frequency response of the

resultant movements (acceleration, velocity or displacement).
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The term ‘mechanical impedance’ is a generic term for all relations between the driving-
point force of a system at a particular frequency and the resultant movements at that
frequency. However, it also has a specific meaning as the ratio between the force and the

velocity measured at the same point.

In measurements of the ‘dynamic-point mechanical impedance’, the input motion can be
acceleration, velocity or displacement and the output motion is the force measured at the
seat-person interface. Apparent mass, mechanical impedance and dynamic stiffness are

some of the common dynamic responses of seated subjects to vibration.

The term apparent mass, M ( f ), can be defined as the complex ratio of the driving force,

F(f), at the driving-point to the resulting acceleration, a(f), at the same point:

M(f)= % (2.2)

Likewise, the terms mechanical impedance, Z(f), and dynamic stiffness, S(f), are
defined as the ratios of the driving force, F’ ( f ), at the driving-point acting on a system to

the resulting velocity, v(f), and displacement, d(f), at the same point, respectively:

(1)
v(f)

(5
a(f)

Table 2.1 summarises some of the common measures of dynamic response used in

Z2(f)= (2.3)

S(f)= (2.4)

biodynamics.

In the case of calculating the transfer function between two different measurement points,
the common term for this response function is known as ‘transmissibility’. The
transmissibility is a measure of ratio between the motion at the output and the motion at

the input:

Xa/p (f)
Xiyo ()

where T, (f) is the transmissibility, X/ (f) and X0/ (f) are the input and output

T (f) = (2.5)

motions respectively. Transmissibility frequency responses may also be expressed in terms
of magnitude and phase. For instance, the magnitude of the seat-to-head transmissibility

may indicate the ratio of the magnitude of head motion to the magnitude of the seat
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motion at a particular frequency. The corresponding phase of the seat-to-head

transmissibility may be considered to represent the time delay between the two motions.

Both the ‘driving-point mechanical impedance’ and the ‘transmissibility’ frequency
responses are important to understand the manner in which vibration is transmitted to
and through the body. These functions can also be used to represent the dynamic
responses of the body in response to vibration, which may influence the human comfort,

performance and health.

Table 2.1 Some common measures of dynamic response.

Terms Ratio Terms Ratio
Apparent mass Force/acceleration Accelerance Acceleration /force
Impedance Force/velocity Mobility Velocity/force
Dynamic stiffness | Force/displacement Receptance Displacement /force

2.2 Dynamic responses of a sitting person exposed
vertical and horizontal (fore-and-aft and lateral)

vibration

2.2.1 Introduction

Some knowledge of mechanical impedance and apparent mass of the body is essential for
an understanding the dynamic responses of the body in response to vibration. It gives the
relation between the force and the movement, which is indicated by the magnitude and
phase. The relation depends on the dynamic characteristics of the body to which the force

is applied.

Previously, researchers measured mechanical impedance or apparent mass of the seated
body mainly in the vertical direction (e.g. Coermann, 1962; Miwa, 1975; Mertens, 1978;
Hinz and Seidel, 1987; Fairley and Griffin, 1989; Matsumoto and Griffin, 1998; Mansfield
and Griffin, 2000 and Nawayseh and Griffin, 2003). Only a few published studies have
concerned vibration in the horizontal direction (e.g. Fairley and Griffin, 1990; Holmlund

and Lundstrém, 1998; Mansfield and Lundstrém, 1999a).
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In this section, most of the documented studies regarding the impedance of the body
(vertical and horizontal) will be presented briefly so as to acknowledge and understand

previous findings.

2.2.2 Mechanical impedance of seated person exposed to

whole-body vertical vibration

Most of the studies measuring mechanical impedance of a seated subject were conducted in
laboratories on mechanical, electrodynamic or hydraulic vibrators. These studies involved
human subjects exposed to vertical vibration. There are many published studies in this
area (e.g. Coermann, 1962; Suggs et al., 1969; Miwa, 1975; Sandover, 1978; Donati and
Bonthoux, 1983; Boileau and Rakheja, 1998; Kitazaki and Griffin, 1998; Fairley and
Griffin, 1989; Mansfield and Griffin, 2000; Rakheja et al., 2002; Matsumoto and Griffin,
2002 and Nawayseh and Griffin, 2003). However, there is one study of mechanical
impedance of seated subjects performed in a field test (Holmlund and Lundstrém, 2001).

The results of all previous studies suggest that the body has a major resonance at
approximately 5 Hz. However, some researchers found evidence of a second resonance at
approximately 10 Hz (e.g. Coermann, 1962; Holmlund and Lundstrém, 2001; Rakheja et
al., 2002 and Mansfield and Griffin, 2002). The second resonance was found to be more
pronounced when the back was supported on an inclined backrest coupled with hands on
the steering-wheel (Wang et al., 2004). There was an idea that a third resonance exists at
about 50 Hz (e.g. Miwa, 1975, Holmlund and Lundstrém, 2001), but the third resonance

peak is small and not clear, and the effect of it is also small.

Figure 2.1 illustrates an example on the moduli of the apparent mass 60 people (24 men,
24 women and 12 children) on a rigid seat with no backrest when all subjects were exposed

to 1.0 ms™ r.m.s. random vertical vibration (Fairley and Griffin, 1989).

The results showed that the apparent mass of every subject had a main resonance at about
5 Hz. A second mode was also evident in most subjects in the region of 10 Hz. The large
scatter of the data at frequency near 0 Hz is mainly due to the differences in the static
masses. However, this can be accounted by dividing the apparent mass of each subject
with its own static weight on the platform and is also known as ‘normalisation’. The
normalised apparent mass showed small variability between subjects (Figure 2.2). The
normalised biodynamic responses of the men, women and children showed similar

responses.
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Modulus (kg)

Frequency (Hz)

Figure 2.1: Apparent masses of sixty subjects in the vertical direction. Data from Fairley (1989).

Normalised apparent mass

Frequency (Hz)

Figure 2.2: Normalised apparent masses of the same results as in Figure 2.1.
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Almost all studies of the point impedance (mechanical impedance or apparent mass) of the
body have been restricted to responses in the direction of the applied vibration. As the
human response to vibration is a complex phenomenon and involves complex mechanisms,
it is possible that the body would respond in another directions other than the direction of
the excitation. This can be known as a ‘cross-axis’ response. Using sinusoidal vertical
vibration at five frequencies and random vertical vibration, the ‘cross-axis’ fore-and-aft
apparent mass of seated person was first measured by Matsumoto and Griffin (2002). With
eight subjects, the authors found that, generally, the ‘cross-axis’ fore-and-aft apparent
mass during vertical excitation tended to decrease with increasing frequency (Figure 2.3).
A resonance around 5 Hz was evident in some of the individual results. In that study, the

‘cross-axis’ responses were statistically non-linear with vibration magnitude.
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Figure 2.3: Median ‘cross-axis’ fore-and-aft apparent masses and phases of eight subjects
measured with sinusoidal vibration. (a and d) Condition 1, (b and 2) Condition 2 and (¢ and f)

Condition 3. Data taken from Matsumoto and Griffin (2002).

Recently, Nawayseh and Griffin (2003) further investigated the response of the seated
person in directions other than the direction of excitation (i.e. ‘cross-axis’ responses). The
authors hypothesized that there would be appreciable forces on the seat in the fore-and-aft
and lateral directions when subjects were exposed to vertical excitation. The apparent
masses of twelve subjects in the vertical, fore-and-aft and lateral directions were calculated
by means of comparing the measured forces on the seat in each direction (vertical, fore-
and-aft, and lateral) with the applied vertical acceleration. There was a clear resonance
around 5 Hz in the vertical apparent mass of the body (Figure 2.4}, similar to previous
findings. Appreciable forces on the seat were measured in the fore-and-aft direction and the
‘cross-axis’ fore-and-aft apparent mass of the body also showed a principal resonance in the
vicinity of 5 Hz (Figure 2.5). Forces in the lateral direction, however, were relatively low,

and a clear peak was difficult to see (Figure 2.6). The vertical and ‘cross-axis’ fore-and-aft
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apparent masses of the body were non-linearly with vibration magnitude, but no clear

effect of the vibration magnitude was observed in the lateral direction.
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Figure 2.4: Median vertical apparent mass and phase of twelve subjects on the seat and at four

sitting postures at four magnitudes. Data taken from Nawayseh and Griffin (2003).
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Figure 2.5: Median ‘cross-axis’ fore-and-aft apparent mass of twelve subjects on the seat and at

four sitting postures at four magnitudes. Data taken from Nawayseh and Griffin (2003).
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Figure 2.6: Median ‘cross-axis’ lateral apparent mass of twelve subjects on the seat and at four

sitting postures at four magnitudes. Data taken from Nawayseh and Griffin (2003).

Previously, studies that documented the mechanical impedance and apparent mass of
seated person have been conducted with laboratory measurements. Only recently, one field
study has been carried out by Holmlund and Lundstrém (2001) to measure the mechanical
impedance of seated person when subjects experienced a real-life vibration exposure and
compare the results with the results obtained in single-axis laboratory measurements. The
authors tried to argue the relevancy of the data in the International Standard, ISO/FDIS
5982 (2001) for applications in the field or road tests such that the data in the
International Standard, ISO/FDIS 5982 (2001) were obtained from laboratory studies (i.e.
single axis vibration). Based on this argument, the authors conducted a comparison of
mechanical impedance of seated person in the vertical direction obtained in the laboratory
(with thirty subjects; 15 males and 15 females) and road measurements (with three
subjects and all subjects participated in the laboratory study). In the wvehicle
measurements, subjects were asked to adopt erect sitting posture while a minibus was
driven over a gravel road, covered in snow and the speed was maintain at approximately
50 kmh'. In the laboratory measurements, all subjects were exposed to four vibration
magnitudes (0.5, 0.7, 1.0 and 1.4 ms? r.m.s.) in the vertical direction (Figure 2.7). The
results showed that although some differences are evident, the vertical mechanical
impedance of the body in vehicle measurements showed, in general, good agreement with
the laboratory results. Likewise, the impedance in the lateral mechanical impedance of the
body in both vehicle measurements and laboratory results showed similar trend and
showed magnitudes in the same range. Conversely, clear differences were observed between

the laboratory studies and vehicle measurements in the fore-and-aft direction.
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Figure 2.7: Comparison of vertical, fore-and-aft and lateral mechanical impedance of the body
obtained from in vehicle and laboratory measurements. Thick lines indicate in vehicle

measurements. Data taken from Holmlund and Lundstrém (2001).

2.2.3 Factors affecting body impedance of seated persons

exposed to whole-body vertical vibration

Biodynamic responses to vibration are complex and involve complex mechanisms. It can be
said that previous researchers fundamentally agreed and have shown that the body has
major resonance around 5 Hz. However, the bilodynamic responses are influenced by
various factors. This section will cover some of the factors that can influence the responses

of the human body to vertical vibration.

2.2.8.1 Effect of posture and muscle tension

Coermann (1962) suggested that the resonance frequency would increase by about 1 Hz
when an ‘erect’ posture was adopted instead of a ‘relaxed’ posture, although Miwa (1975)
did not find the similar findings. However, in none of these studies was the effect of the
muscle tension (e.g. ‘tense’ and ‘relaxed’) investigated separately from posture (e.g. ‘erect’

or ‘slouched’.)

Fairley and Griffin (1989) investigated the effect of posture and muscle tension using eight
subjects. The authors studied the effect of ‘normal’, ‘erect’, ‘tense’ and ‘backrest’
conditions and compared their apparent masses. There appeared to be a general trend for

the resonance frequencies and the apparent masses at resonance to both be greater with
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‘erect’, ‘tense’ and ‘backrest’ conditions compared to a ‘normal’ condition (Figure 2.8a). As
would be expected, increasing muscle tension increases the body stiffness and so increases
the resonance frequency. The authors further investigated the effect of an ‘erect’ to ‘very
erect’ sitting posture with one subject and found the resonance frequency increased and the

resonance peak became broader as the posture became more erect (Figure 2.8b).
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Figure 2.8: Effect of the posture and muscle tension on (a) the apparent masses of the body of
eight people. N = ‘normal’; B = ‘backrest’; T = ‘tense’; E = ‘erect’, and (b) from ‘slouched’ to
‘very erect’. Data taken from Fairley and Griffin (1989).
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Similarly, Kitazaki and Griffin (1998) found that the principal resonance frequency of the
apparent mass of the body increased from 4.4 to 5.2 Hz when the subjects changed posture
from ‘slouched’ to ‘erect’ (Figure 2.9a). In that study, the authors also showed that the
principal mode in ‘slouched’ posture was separated into the entire body mode and the
combination of the visceral and bending mode of the upper spine (Figure 2.9b). They also
found that the shear deformation of buttocks tissﬁe in the entire body mode decreased

from the ‘slouched’ posture to the ‘erect’ posture.

Normalised apparent mass

Frequency {Hz)

(b)

Figure 2.9: (a) Effect of the posture on the apparent masses of the body of eight people in the

‘erect’ posture (dotted), ‘normal’ posture (line) and ‘slouched’ posture (dashed). (b) Vibration
mode shape for the principal resonance of the apparent mass (line) and the initial posture
(dashed) at 5.2 Hz in the ‘erect posture (a), mode at 4 Hz in the ‘slouched’ posture (b) and mode
at 4.9 Hz in the ‘slouched’ posture (c). Data taken from Kitazaki and Griffin (1998).

Increasing in the resonance frequency when the upper-body adopted a stiffer sitting
posture (i.e. from ‘slouched’ to ‘erect’) was also evident in a study by Boileau and Rakheja
(1998). In that study, the influence of a backrest support while subjects adopted an ‘erect’
sitting posture was also investigated (Figure 2.10). The authors found that the backrest

support decreased the forces measured on the seat surface at frequencies less than 6 Hz
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compared to when subjects maintaining ‘erect’ posture without a backrest. However, the
backrest was found to increase the forces on the seat at frequencies higher than 6 Hz. The
effect of posture on the impedance magnitude was not noticeable at frequencies below 4
Hz. The authors suggested that the effect of posture on the impedance magnitude in the
resonance frequency region may be partly attributed to variations in the verfical
component of the seated mass associated with the three postures. This was supported by
other the results of the same study (not shown here) in which heavier subjects (around 57
kg of sitting mass) showed higher mechanical impedance at resonance than light subjects
(approximately 40 kg of sitting mass). However, since the variation in the vertical load was
less than 10% for different postures, the differences observed in the mechanical impedance
of the body in different postures cannot be entirely attributed to the changes in the seated

mass.
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Figure 2.10: Effect of the backrest support on ‘erect’ sitting posture (ENS: erect no backrest
support; EBS: erect with backrest support and SLO: slouched). Data taken from Boileau and
Rakheja (1998).

The apparent masses of seated subjects adopting nine different postures (‘upright’,
‘anterior lean’, ‘posterior lean’, ‘kyphotic’, ‘back-on’, ‘pelvis support’, ‘inverted SIT-BAR’
(increased pressure beneath ischial tuberosities), ‘bead cushion’ (decreased pressure
beneath ischial tuberosities), and ‘belt’ (wearing an elastic belt); Figure 2.1la) were
investigated by Mansfield and Griffin (2002). Although the apparent mass was found to
have small changes with posture, the ‘kyphotic’ posture had significantly lower apparent
mass at resonance than that the ‘upright’ posture (Figure 2.11b). It was suggested that
this posture increased the damping of the biodynamic system. The authors suggested that
some of the postures used in this study were chosen in response to previously suggested
mechanisms that might influences the primary peak in the apparent mass of the body. For

instance, the ‘pelvis support’ posture was intended to alter the natural pelvis pitching
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motion that was found to be associated to the some of the body modes during resonance
(Kitazaki and Griffin, 1998). Likewise, the ‘belt’ condition was meant to restrict the

visceral movement, the

anterior’ and posterior’ lean conditions were designed to depict
the whole-body bending and ‘inverted SIT-BAR’ and ‘cushion’ conditions were oriented to
observe the influence of the tissue beneath the ischial tuberosities and the effect of
increasing the loading area, respectively. However, they concluded that the results of this
study gave no consistent support of the previously suggested mechanisms that might

influence the frequency of the primary peak in the apparent mass.
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Figure 2.11: Effect of the nine sitting posture (a) on the normalised apparent mass of the body
(b). Data taken from Mansfield and Griffin (2002).
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Most of the laboratory studies reported on the mechanical impedance and the apparent
mass of seated persons were conducted while subjects adopted sitting posture, such as
recommended in the International Standard ISO/FDIS 5982 (2001). The standard
presented the idealised values to characterise seated-body biodynamic response under
vertical vibration for subjects seated on a flat rigid platform, with feet supported and

vibrated, and maintaining an ‘erect’ posture without backrest support.

Rakheja et al. (2002) argued that in the automotive applications, the drivers, for instance,
would adopt different postures than the passengers. This sitting posture is different from
that recommended by ISO/FDIS 5982 (2001). To see the implication of having a ‘driving’
posture (i.e. hands-on-steering wheel) compared to subjects adopted a ‘passenger’ posture
(i.e. hands on the laps) on the apparent mass of the body, the authors conducted an
experiment using twenty-four subjects (12 males and 12 females). In both sitting postures,
subjects were supported with an inclined backrest (24° from vertical) and inclined seat-pan
(13° from horizontal) and were exposed to random vertical vibration in the frequency
range 0.5 to 40 Hz. The results showed that when subjects adopted the ‘passenger’
posture, the median apparent mass of the bodies of 24 subjects was found to show a
resonance in the frequency range of 6.5 to 8.6 Hz, which is higher than that in most
previous studies (approximately 5 Hz; e.g. Fairley and Griffin, 1989; Mansfield and Griffin,
2000; Matsumoto and Griffin, 2002 and Nawayseh and Griffin, 2003) with an upright
posture, hands on the laps and mostly with no backrest (Figure 2.12). In the ‘driving’
posture, two peaks were evident in the region of 5.1 — 8.25 Hz and 8 — 12 Hz. The
differences in the apparent masses in both sitting postures were suggested to be partly
attributed to differences in the body masses supported on the seat-pan. From the figure,
the low apparent mass at resonance for the ‘driving’ posture suggested that the body
showed a well-damped behaviour compared to the ‘passenger’ posture. The authors
suggested that resting the hands on the steering-wheel may partially influence the
biodynamic responses, although previous study suggested the distinct influence of hands

position has not been clearly identified (Donati and Bonthoux, 1983).

——=Hands in lap
———Hands on stearing wheel

Magnltude (kg)

Frequency (Hz)

Figure 2.12: Apparent mass of seated subject in ‘driving’ (i.e. hands on steering-wheel) and

‘passenger’ (i.e. hands in lap) sitting posture. Data taken from Rakheja et al. (2002).
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Wang et al. (2004) further investigated the effect of ‘driving’ and ‘passenger’ sitting
postures with different seating conditions. The apparent masses of the body of twenty-
seven subjects (13 males and 14 females) were measured in both sitting postures while
subjects seated on: (i) flat seat pan with no backrest support (NVF), (ii) flat seat-pan and
vertical backrest (BVF) and (iii) flat seat-pan with inclined backrest support (BIF). The
results showed that the effect of hands position becomes more relevant only for postures
involving back support conditions (Figure 2.13). The resonance frequency of the apparent
mass in a ‘passenger’ posture was higher than that of the ‘driving’ posture when the back
was supported, but showed minimal change with no backrest, similar to that found by
Rakheja et al. (2002).
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Figure 2.13: Effect of the backrest support on hand positions (i.e. ‘driving or ‘passenger’ sitting

postures). Data taken from Wang et al. (2004).

The effect of foot position on the apparent mass of the body was investigated by Rakheja
et al. (2002). In that study and in both ‘passenger’ and ‘driving’ postures, the apparent
mass of the body was measured during random vertical vibration while subjects adopted
leg postures such that: (i) ‘normal’ posture (i.e. the subjects selected themselves the feet
position when seated on an inclined seat-pan and inclined backrest as their felt comfortable
and stable, referred as ‘M’), (ii) the feet was positioned 0.075 m ahead of the ‘M’ position
(referred as ‘L’), and (iii) the feet was positioned 0.075 m behind of the ‘M’ position
(referred as ‘S’). The results showed little influence of the foot position in both postures,

except that with furthest location of the feet (i.e. ‘L’ position) yielded higher apparent
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mass at resonance in both the ‘driving’ and ‘passenger’ postures (Figure 2.14). The authors

concluded that the effect of foot position was negligible in either posture.
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Figure 2.14: Effect of the feet position of the apparent mass of seated subjecfs in both ‘passenger’

and ‘driving’ postures. Data taken from Rakheja et al. (2002).

In a different study, Matsumoto and Griffin (2002) investigated the effect of muscle
tension on the apparent mass of seated subjects exposed to vertical whole-body vertical
vibration. All eights subjects were asked to adopt three sitting postures: (i) comfortable,
upright posture with normal muscle tension (Condition 1), (ii) with the muscles of the
buttock tensed, or stiffen as much as possible (Condition 2) and (iii) with the abdominal
muscles tensed as much as possible (i.e. minimise the volume of the abdomen; Condition
3). While adopting all these three sitting conditions, subjects were exposed to sinusoidal
and random vibration from 2 Hz and up to 20 Hz and at five vibration magnitudes (0.35,
0.5, 0.7, 1.0 and 1.4 ms”® r.m.s.). The authors chosen the specified conditions, in particular
for Condition 2 and Condition 3 because these parts of the body appeared to be
responsible for the principal resonance of the apparent mass of the body, such as reported
by Kitazaki and Griffin (1997) and Matsumoto and Griffin (2001). The results of study of
Matsumoto and Griffin (2002) showed that the resonance frequency of the apparent mass
of the body increased significantly when the buttock muscle was tensed (i.e. Condition 2)
compared to sitting in normal muscle tension (i.e. Condition 1). This was evident at all

vibration magnitudes tested (Figure 2.15). However, when subjects tensioned the
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abdominal muscles (i.e. Condition 3), the influence was small at lower magnitude, but
showed differences at higher magnitudes, in which the resonance frequency of the body was

higher when the volume of the abdomen was minimised compared to when subjects sat in

normal muscle tension.
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Figure 2.15: Effect of the muscle tension on the apparent mass and phases of the body at
Condition 1 (a and d), Condition 2 (b and e) and Condition 3 (c and f). Data taken from
Matsumoto and Griffin (2002).

2.2.83.2 Effect of footrest

When the apparent mass of one subject was measured with no footrest support so that the
feet would hang freely, the apparent mass of the body increased at frequencies below 8 Hz
(Fairley and Griffin, 1989). However, when the feet were supported with a stationary
footrest, the apparent mass of the body decreased, most obvious at frequencies less than 8
Hz (Figure 2.16). The authors further investigated the effect of the height of stationary
footrest on the apparent mass of the body and discovered that with increasing in height of
the stationary footrest, the apparent mass increased at low frequencies (less than 2 Hz).
Then, the authors measured the apparent masses of eight subjects with a moving footrest
(position at 0.46 m below the top surface of the seat surface) and found that the effect of
the height of the moving footrest was small compared to the effect of the height of
stationary footrest. The apparent mass of the body above 10 Hz and the static weight on
the platform both increased slightly when the height of the moving footrest was reduced.
The authors suggested the differences in the apparent mass found with either different
heights of a stationary footrest, or, different heights of a moving footrest to some extent
depended upon the stiffness between the thigh and the seat surface. A higher footrest will

tend to make less contact between the thighs and the seat surface, and vice-versa. This, in
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part, would affect the load supported on the seat pan, which can influence the apparent

mass on the seat surface.
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Figure 2.16: Effect of the footrest position on the apparent mass of a seated person of one

subject. Data from Fairley and Griffin (1989).

Nawayseh and Griffin (2003) further investigated the effect of moving footrest position on
the apparent mass of the body on the seat with no backrest in the vertical, fore-and-aft
and lateral directions during exposure to vertical excitation. In that study, four footrest
positions were designed so as to give: (i) a ‘feet hanging’ posture (with no foot support),
(ii) a ‘maximum thigh contact’ posture, in which the feet was supported such that the heel
just in contact with the footrest, (iii) an ‘average thigh contact’ posture (where the upper
and lower legs were horizontal and vertical, respectively, and supported on the footrest)
and (iv) a ‘minimum thigh contact’ posture, in which the footrest was positioned 0.16 m
above the position with ‘average thigh contact’ posture for each subject. Twelve subjects
participated in that study and all subjects were exposed to four vibration magnitudes
(0.125, 0.25, 0.625 and 1.25 ms™ r.m.s) in the frequency range 0.25 to 25 Hz. The results
showed that the vertical apparent mass of the body decreased over the frequency range
tested when the thigh contact was reduced (i.e. from ‘feet hanging’ to ‘minimum thigh
contact’; Figure 2.17). The trend was evident at all magnitudes. The authors suggested
that an increase in the footrest height partially, if not totally, reduced the load bearing
supported on the seat surface and increased the mass supported on the footrest, but also
changed the stiffness of the thighs during vibration. Both changes in mass distribution on
the seat surface and footrest and changes in the thigh’s stiffness may have maintained the

same proportional contribution to the resonance frequency in the four postures, although
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varying the thigh contact had little influence on the resonance frequency of the apparent

mass of the body in the vertical direction.
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Figure 2.17: Effect of the thigh contact on the vertical apparent mass of subject during vertical
excitation. Data from Nawayseh and Griffin (2003).

In a similar study (i.e. Nawayseh and Griffin, 2003), the ‘cross-axis’ fore-and-aft and
lateral apparent masses of the subjects with similar thigh conditions were also calculated
(by comparing the fore-and-aft or lateral forces measured on the seat with the applied
vertical acceleration). The results showed that, in all sitting conditions, there were
appreciable fore-and-aft forces on the seat, while the lateral forces on the seat were
relatively low (Figures 2.18a to 2.18b). The ‘cross-axis’ fore-and-aft apparent mass of the
body was also influenced by the thigh contact. With increasing thigh contact (i.e. from
‘average thigh contact’ to ‘feet hanging’), the ‘cross-axis’ fore-and-aft apparent mass
increased, with an exception in the ‘minimum thigh contact’ where the forces were more
than those with ‘average thigh contact’ and slightly less, similar, or more than those with
‘maximum thigh contact’, depending on the frequency. And in all postures, the ‘cross-axis’
fore-and-aft apparent mass of the body showed a principal resonance around 5 Hz, similar
to that for the vertical apparent mass. However, it was difficult to notice the resonance

frequency of the ‘cross-axis’ lateral apparent mass.

Nawayseh and Griffin (2004) further investigated the effect of thigh contact on the
apparent masses of seated persons, but with vertical backrest support. The design and the
other conditions (i.e. number of subjects, stimuli type and direction and frequency range)
in this study were almost identical to the study of Nawayseh and Griffin (2003). In this
study, the forces on the seat and backrest in the vertical, fore-and-aft and lateral directions
were measured with subjects exposed to vertical vibration and subjects adopted similar
sitting conditions (i.e. ‘feet hanging’, ‘minimum thigh contact’, ‘average thigh contact’ and

‘maximum thigh contact’). When the authors compared the results of the study with their
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previous findings (i.e. with no backrest; Nawayseh and Griffin, 2003), they found that: (i)
the effect of the sitting conditions on the vertical apparent mass of the body were more
pronounced when the thigh had less contact with the seat (i.e. from ‘feet hanging’ to
‘minimum thigh contact), (ii) only with greater thigh contact was the effect of posture was
significant on the ‘cross-axis’ fore-and-aft apparent mass of the body, and (iii) no obvious
effect of the sitting posture were shown on the ‘cross-axis’ lateral apparent mass of the
body, even when the backrest was used. The authors also found that changing the thigh
contact with the seat-pan had little influence on the forces measured at the backrest in the

vertical, fore-and-aft and lateral direction.
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Figure 2.18: Effect of thigh contact on the (a} ‘cross-axis’ fore-and-aft apparent mass of the body

and (b) ‘cross-axis’ lateral apparent mass of the body. Data taken from Nawayseh and Griffin
(2003).
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2.2.5.3 Effect of backrest, backrest and seat angles

When subjects adopted a ‘normal’ sitting posture (i.e. comfortable, upright posture with
normal muscle tension) and sat on a rigid seat, with the body leaning against a vertical
backrest, the apparent mass of the body was reduced at frequencies less than the resonance
frequency (around 5 Hz), but increased at frequencies higher than the resonance compared
to when were subjects seated in the same posture but without a backrest (Fairley and
Griffin, 1989; see Figure 2.8a). Mansfield and Griffin (2002) also found similar findings: the
vertical apparent mass of the body increased at frequencies higher than the resonance
frequency compared to when subjects seated in ‘upright’ posture (Figure 2.19). It seems
that the backrest may increase the vibration to the body, in particular, to the back at
higher frequencies. The authors also compared the results of subjects adopting different

sitting posture without a backrest and with vertical backrest.
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Figure 2.19: Effect of the backrest on the apparent mass of the body. Data from Mansfield
(1998).

Boileau and Rakheja (1998) found the impedance of the body was higher around the region
of the resonance frequency (between 4 and 6 Hz) when subjects seated in ‘erect’ posture,
compared to when subjects sat in the same posture but with a backrest (Figure 2.20). At
higher frequencies, however, the impedance of the body was similar to previous studies: the
forces on the seat were higher with the backrest than without the backrest. The differences
found in this study, compared with the findings of Fairley and Griffin (1989) and
Mansfield and Griffin (2002), were probably due to the different hand position between the
studies. In the Fairley and Griffin (1989) and Mansfield and Griffin (2002) studies, subjects
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rested their hands on the in laps (‘passenger’ posture), while in the study of Boileau and
Rakheja (1998), subjects were asked to rest the hands on a steering-wheel as when
‘driving’. Wang et al. (2004) also reported that the apparent mass of the body increased at
frequencies higher than the resonance frequency, and suggested that the hand position

becomes relevant only for postures involving back support conditions.
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Figure 2.20: Effect of the backrest on the driving-point mechanical impedance of seated subjects
with ‘driver’ position (ENS: erect with no backrest support; EBS: erect with backrest support
and SLO: slouched). Data from Boileau and Rakheja (1998).

Nawayseh and Griffin (2004) investigated the effect of a vertical backrest on the apparent
mass of the body in the vertical, fore-and-aft and lateral directions. In that study, subjects
were exposed to only vertical excitation and forces on the seat and backrest in all three
directions were measured while adopting four sitting postures (‘feet hanging’, ‘minimum
thigh contact’, ‘average thigh contact’ and ‘maximum thigh contact’). The apparent
masses of the body on the seat were compared with their previous findings when no
backrest was used (Nawayseh and Griffin, 2003). They found that: (i) the use of the
vertical backrest modified the vertical forces on the seat - the backrest increased the
vertical forces on the seat at frequencies higher than the resonance frequency in all sitting
postures (Figure 2.21a) (ii) the backrest has significant influence on the ‘cross-axis’ fore-
and-aft apparent mass of the body only with greater thigh contact (i.e. ‘feet hanging’ and
‘maximum thing contact’ postures) — the fore-and-aft forces on the seat were reduced at
frequencies less than around 8 Hz in these two postures, and they suggested that the
presence of the backrest restrained the upper body and helped reduce the pitching motion
that was difficult to reduce when there was no backrest (Figure 2.21b), and (iii) there
was only a small effect of the backrest on the ‘cross-axis’ lateral apparent mass of the body

in all sitting postures (Figure 2.21c¢).
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Figure 2.21: Effect of backrest on the (a) vertical apparent mass of the body, (b) ‘cross-axis’ fore-

and-aft apparent mass of the body and (c) ‘cross-axis’ lateral apparent mass of the body. Data
taken from Nawayseh and Griffin (2004).
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The effect of the either backrest inclination or seat-pan inclination on the apparent mass of
the body has been studied by Wei and Griffin (1998a and 1999), Wang et al. (2004) and
Nawayseh and Griffin (2005¢). The former authors found the resonance frequency of the
apparent mass of the body increased with increasing backrest inclination from 0° to 20°
(measured from vertical; Figure 2.22), but the apparent mass at resonance remained
unchanged. In the same study, similar findings were also found when the foam in the
backrest changed from soft to hard: the resonance frequency increased, but the apparent
mass at resonance remained unchanged. Wang et al. (2004) found that the second
resonance of the apparent mass of the body (around 10 Hz) was found to be more
pronounced with an inclined backrest (i.e. from 0° to 12°, measured from vertical).
Increasing backrest inclination also tended to increase the biodynamic damping of the body

(i.e. the apparent mass at resonance decreased with increasing backrest inclination).
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Figure 2.22: Effect of the backrest inclination and backrest condition on the apparent mass of the

body. Data from Wei and Griffin (1999).

There was only a small influence of increasing seat-pan inclination on the apparent mass of
the body without a backrest during vertical excitation (Wei and Griffin, 1998a). The
differences in the apparent mass of the body when the seat pan changed from 0° to 20°
(measured from horizontal) were only significant around the resonance frequency (Figure
2.23). Similar findings were also found by Wang et al. (2004) and Nawayseh and Griffin
(2005c): there was negligible effect of seat-pan inclination on the apparent mass of the
body with, and without a backrest, irrespective of the hand position (either hands on laps,

or hands on steering-wheel).
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Figure 2.23: Effect of the seat-pan inclination the apparent mass of the body. Data from Wei and
Griffin (1998a).

Nawayseh and Griffin (2005¢c) also measured the ‘cross-axis’ fore-and-aft apparent mass of
the body, with and without a backrest with increasing seat-pan inclination from 0° to 15°.
The authors found that the ‘fore-and-aft’ forces on the seat (i.e. the forces parallel with the
seat-surface) generally increased with increasing seat-pan inclination at all four magnitudes
tested (0.125, 0.25, 0.625 and 1.25 ms” r.m.s.; Figure 2.24). The ‘cross-axis fore-and-aft’
apparent mass of the body (calculated by comparing the parallel forces measured on the
seat surface with the applied vertical acceleration) with no backrest was highest with
greatest seat-pan inclination (i.e. 15°.) although no significant change in the resonance
frequency was observed. When a vertical backrest was used, there were statistical
differences in the magnitude of the ‘cross-axis fore-and-aft’ apparent mass measured with
and without backrest only at frequencies less than 6 Hz. There was a trend on the
biodynamic damping of the body to increase with increasing seat-pan inclination when the
backrest was used — the apparent mass at resonance decreased with a more inclined seat-
pan. The authors suggested that the considerable ‘fore-and-aft’ forces found with increasing
seat-pan inclination, in particular, at low frequencies, was caused mostly, if not totally, by
an increase in the component of the mass in the ‘fore-and-aft’ direction (i.e. parallel to the

seat surface).
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Figure 2.24: Effect of the seat-pan inclination the (a) ‘vertical’ and (b) ‘cross-axis fore-and-aft’

apparent mass of the body without backrest. Data from Nawayseh and Griffin (2005c¢).

2.2.8.4 Effect of vibration magnitude

An early study by Coermann (1962) concluded that the body behaves like a linear system
when exposed to vibration. Pradko et al (1966) and Sandover (1978) reached the same

conclusion, although the conditions in their experiments were different (i.e. with and

without the presence of a backrest).

Other studies (e.g. Wittman and Phillips, 1969 and Hinz and Seidel, 1987) produced
evidence that the impedance of the human body may be modified by changes in the

magnitude of the applied vibration. These studies suggested that the human body responds

to vibration in a non-linear manner.
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Fairley and Griffin (1989) further investigated the non-linear characteristic of the body
when exposed to different vibration magnitudes. Using eight subjects, they conducted an
experiment to compare apparent masses of the seated person when subjects were exposed
to four different vibration magnitudes (0.25, 0.5, 1.0 and 2.0 ms® r.m.s.). With increasing
magnitude of vibration, there was a ‘softening’ of the system, in which the lowest
resonance frequency consistently decreased with increasing vibration magnitude for every

subject (Figure 2.25).
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Figure 2.25: Effect of the vibration magnitude on the apparent masses of eight subjects. Principal
resonance frequency of the body decreased with increasing vibration magnitude. Data from

Fairley and Griffin (1989).

The non-linearity behaviour of the body in response to different vibration magnitude, in
particular, reduction in resonance frequency of the body with increasing vibration
magnitude has also been obtained by Mansfield and Griffin (2000 and 2002), Mansfield and
Griffin (2002), Matsumoto and Griffin (2002), Rakheja et al. (2002), Wang et al. (2004)
and Nawayseh and Griffin (2003, 2004 and 2005c¢).
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The ‘softening’ effect was observed in all nine postures (see Figure 2.11a), including the
reduction in the second resonance of the body (around 10 Hz) that was evident in most of
the postures (Mansfield and Griffin, 2002). The non-linearity of the body in response to
different vibration magnitudes was not significantly affected when subjects were asked to
control muscle tension, either around the buttocks, or the abdomen (Matsumoto and
Griffin, 2002). In that study, the authors suggested that involuntary muscles changes in

muscle tension may be partly responsible for the non-linearity of the body.

Rakheja et al., (2002) and Wang et al. (2004), both found that the non-linearity of the
body was more sensitive when subjects adopted ‘passenger’ posture (i.e. hands on the laps
and with a back support) than in a ‘driving’ posture (i.e. hands on the steering-wheel and
with back support). The latter study, however, found that the ‘softening’ effect tended to
be more pronounced when the upper body ‘was not supported — the principal resonance
frequency reduced by 0.5 or 0.6 Hz with increasing vibration magnitude from 0.5 to 1.0 ms’
2

r.m.s., irrespective of the hand position (i.e. ‘passenger’ or ‘driving’), compared to only

0.3 Hz when the back was supported, either with vertical or inclined backrests.

The non-linearity of the body on the seat and at the backrest when subjects were exposed
to vertical vibration was further investigated by Nawayseh and Griffin (2003 and 2004).
Twelve subjects participated in both studies and were exposed to four vibration
magnitudes (0.125, 0.25, 0.625 and 1.25 ms” r.m.s.), while adopting four sitting postures
(‘feet hanging’, ‘maximum thing contact, ‘average thigh contact’ and ‘minimum thigh
contact’) in each magnitude. In the first study (Nawayseh and Griffin, 2003), the authors
measured forces on the seat in the vertical, fore-and-aft and lateral directions, while the
latter study (Nawayseh and Griffin, 2004), both forces on the seat and at the backrest in
all three directions were measured. The results of the earlier study showed that the vertical
apparent mass of the body and the ‘cross-axis’ fore-and-aft apparent mass of the body
showed clear reductions in the resonance frequencies with increasing vibration magnitude
in all sitting postures (Figure 2.26a to 2.26b). In addition, the body posture affected the
sizes of differences in the resonance frequencies of the vertical apparent mass of the body
only at the two higher vibration magnitudes, but not at the two lower vibration
magnitudes. However, no clear effect of the vibration magnitude on the ‘cross-axis’ lateral

apparent mass of the body was observed in any sitting posture (Figure 2.26¢).
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Figure 2.26: Effect of vibration magnitude on the (a) vertical apparent mass of the body, (b)

‘cross-axis’ fore-and-aft apparent mass of the body and {c¢) ‘cross-axis’ lateral apparent mass of

the body. Data taken from Nawayseh and Griffin (2003).

In the later study (i.e. Nawayseh and Griffin, 2004), the authors found similar non-
linearity characteristic on the seat in the vertical and fore-and-aft directions, although a
less clear effect of vibration magnitude in the lateral direction was noticed. The authors
also found that, while fore-and-aft forces at the backrest were appreciable, the vertical

forces at the backrest were relatively low, with forces at the backrest in the lateral
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direction the lowest. The vertical apparent mass of the back, and the ‘cross-axis’ fore-and-
aft apparent mass of the back showed a principal resonance frequency around 5 Hz, in
which the frequency decreased with increasing vibration magnitude in all sitting postures
(Figure 2.27a to 2.27b). The ‘cross-axis’ lateral apparent mass of the back, however,
showed little change with vibration magnitude (Figure 2.27c¢).
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Figure 2.27: Effect of vibration magnitude on the (a) vertical apparent mass of the back, (b)

‘cross-axis’ fore-and-aft apparent mass of the back and (c¢) ‘cross-axis’ lateral apparent mass of

the back. Data taken from Nawayseh and Griffin (2004).
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2.2.4 Mechanical impedance of seated persons exposed to

whole-body horizontal vibration (fore-and-aft or lateral)

One of the earliest studies the apparent mass of seated person during either fore-and-aft or
lateral vibration was reported by Fairley and Griffin (1990). During fore-and-aft vibration,
the apparent masses of eight subjects without a backrest showed two resonances, at about
0.7 and in the region of 2.5 Hz (Figure 2.28a). Similarly, the apparent mass of the body
during lateral excitation also showed two resonance frequencies: around 0.7 Hz and 2 Hz
(Figure 2.28b). However, there appeared to be only one mode of vibration when motion of
the upper body was restrained by a backrest, with a resonance in the region of 3.5 Hz for

the fore-and-aft direction and at about 1.5 Hz for the lateral direction.
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Figure 2.28: Apparent masses of eight subjects during (a) fore-and-aft vibration and (b) lateral
vibration, both with no backrest. Data taken from Fairley and Griffin (1990).

Holmlund and Lundstrém (1998) reported that the mechanical impedance of the body in
the fore-and-aft direction without backrest support showed only one principal resonance
frequency between 3 and 5 Hz, and found two body modes during lateral excitation —
around 2 and 6 Hz. Similar resonance frequencies of the body in both directions (i.e.
around 3 Hz for the first peak and around 6 Hz for the second peak) were also reported by
Mansfield and Lundstrém (1999a). However, these resonances (in both directions) were

slightly higher than the resonances reported by Fairley and Griffin, (1990). A possible
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cause for the differences is that in the earlier study, the subjects’ feet were supported on a
moving footrest, but the latter studies, the body was excited by vibration at the feet

supported on a stationary footrest.

Nawayseh and Griffin (2005a and 2005b) conducted a series of studies to iﬁvestigate the
biodynamic responses of the body during exposure to fore-and-aft vibration. In both
studies, the forces on the seat were measured in vertical, fore-and-aft and lateral directions,
while the earlier study also included the forces at the backrest in all three directions. In
both studies, twelve subjects were exposed to random fore-and-aft vibration, with four
vibration magnitudes (0.125, 0.25, 0.625 and 1.25 ms® r.m.s.) in the frequency range 0.25
to 10 Hz. With no backrest, Nawayseh and Griffin (2005b) found that the fore-and-aft
apparent mass of the body showed three vibration modes: around 1 Hz, between 1 and 3
Hz and between 3 and 5 Hz (Figure 2.29). These modes were observed in all sitting
postures used in the study (i.e. ‘feet hanging’, ‘maximum thigh contact’, ‘average thigh
contact’ and ‘minimum thigh contact’). Considerable vertical forces on the seat were also
measured, although the lateral forces on the seat were relatively small compared to the
vertical forces (Figures 2.30a to 2.30b). The ‘cross-axis’ vertical apparent mass on the seat
(calculated by comparing the vertical forces on the seat with the applied fore-and-aft
acceleration) showed evidence of three resonance frequencies: around 1 Hz, around 3 Hz
and between 4 and 7 Hz, particularly when subjects a adopted ‘maximum thigh contact’
posture. The vertical forces on the seat increased at frequencies less than 5 Hz with

increasing feet support (i.e. from ‘feet hanging’ to ‘minimum thigh contact’).
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Figure 2.29: Fore-and-aft apparent mass at the seat for each posture for twelve subjects at 0.125

ms? r.ms. (left column) and 1.25 ms? r.m.s. (right column). Data taken from Nawayseh and
Griffin (2005b).
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Figure 2.30: ‘Cross-axis’ (a) fore-and-aft, and (b) lateral, apparent masses at the seat for each
posture for twelve subjects at 0.125 ms® r.m.s. (left column) and 1.25 ms™? r.m.s. (right column).

Data taken from Nawayseh and Griffin (2005b).

When a vertical backrest was used (i.e. Nawayseh and Griffin, 2005a), the fore-and-aft
apparent mass on the seat only showed one principal resonance in the range of 2 to 6 Hz in
all postures (depending on subject and vibration magnitude), except with ‘feet hanging’
posture, in which additional peak was visible around 1 to 2 Hz (Figure 2.31). The findings
of this study resemble the findings of Fairley and Griffin (1990), in which the backrest
restrained the body from pitching and reduced the body resonance to only one peak. This
study was also the first study to measure forces at the backrest during fore-and-aft
excitation. The fore-and-aft apparent mass at the backrest showed three peaks: less than 2
Hz, between 3 and 5 Hz, and a broad third peak in the frequency range 4 to 7 Hz (Figure
2.32). The authors reported that the first and the third peaks were clearer at low vibration
magnitudes than at high vibration magnitudes. The vertical forces at the backrest was low

and that ‘cross-axis’ vertical apparent mass at the backrest of one subject showed a
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principal resonance between 5 and 7 Hz, depending on the vibration magnitude (Figure

2.33a). However, lateral forces at the backrest were relatively low (Figure 2.33b).
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Figure 2.31: Fore-and-aft apparent mass on the seat for four sitting postures with a vertical
backrest at 0.125 ms™ (left column) and 1.25 ms? (right column). Data taken from Nawayseh and
Griffin (2005a).
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Figure 2.32: Fore-and-aft apparent masses of the body at the backrest at four sitting postures at

0.125 ms™® (left column) and 1.25 ms™® (right column). Data taken from Nawayseh and Griffin
(2005a).
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Figure 2.33: Apparent mass of the back of one subject at four sitting postures at 0.125 ms? (left

column) and 1.25 ms? (right column) in the (a) ‘cross-axis’ vertical and (b) ‘cross-axis’ lateral

directions. Data taken from Nawayseh and Griffin (2005a).

2.2.5 Factors affecting body impedance of seated persons
exposed to whole-body horizontal vibration (fore-and-aft

or lateral)

There is little knowledge of the factors that affect the biodynamic responses of the body

during fore-and-aft or lateral excitation.

2.2.5.1 Effect of posture and backrest

When the feet of the subjects were supported on a footrest, and moved together with the
seat (with no backrest) during either fore-and-aft, or lateral vibration, the first resonance

frequency of the apparent mass of the body was exhibited at frequency around 1 Hz
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(Fairley and Griffin, 1990 and Nawayseh and Griffin, 2005b). However, when the feet were
rested on a stationary footrest, while the subjects were exposed to either fore-and-aft, or
lateral vibration, the frequency of the first peak was observed at higher frequency — around
3 Hz (Holmlund and Lundstrém, 1998 and Mansfield and Lundstrém, 1999). The relative
movement between feet and the seat might have some influences on the responses of the
body in either direction. It is reasonable to expect different forces on the seat with a
moving footrest and a stationary footrest due to different phases between the seat and the

feet.

The effect of backrest on the apparent mass of the body in fore-and-aft and lateral
directions was studied by Fairley and Griffin (1990). The authors found that the forces on
the seat in the fore-and-aft and lateral directions were increased at frequencies above 0.8

Hz — more pronounced in the fore-and-aft direction (Figure 2.34).
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Figure 2.34: Effect of backrest on the apparent mass of the body. (dotted) - no backrest; (solid) -
with backrest. Data taken from Fairley and Griffin (1990).

Similar findings were also observed by Nawayseh and Griffin (2005a): the fore-and-aft
forces on the seat were at frequencies higher than 4 Hz (Figure 2.35a). In addition, the
authors also reported that with a vertical backrest, the ‘cross-axis’ vertical and lateral
forces on the seat were increased at frequencies higher than 6 and 3 Hz, respectively

(Figures 2.35b to 2.35¢c).
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Figure 2.35: BEffect of backrest on the (a) fore-and-aft apparent mass of the body, (b) ‘cross-axis’
vertical apparent mass of the body and (c) ‘cross-axis’ lateral apparent mass of the body, during

fore-and-aft excitation. Data taken from Nawayseh and Griffin (2005a).



Chapter 2: Literature review 42

In both studies (Fairley and Griffin, 1990 and Nawayseh and Griffin, 2005a), the backrest
reduced the mode of the body from two modes in both directions to only one mode. The
later study also showed that when the feet were not supported, two peaks were evident:
between 1 and 2 Hz and in the frequency range 2 to 6 Hz (depending on the subject and
vibration magnitude), while when the feet was supported on a moving footrest, only one

resonance was exhibited.

2.2.5.2 Effect of vibration magnitude

Fairley and Griffin (1990) investigated the non-linear response of seated persons in both
the fore-and-aft and lateral directions. Eight subjects were exposed to either fore-and-aft
or lateral vibration in the frequency range 0.25 to 20 Hz with three magnitudes (0.5, 1.0
and 2.0 ms? r.m.s) and with no backrest. There appeared to be no effect of the vibration
magnitude on the first resonance frequency of the apparent mass of the body in either
direction, but the second resonance in both directions decreased with increasing vibration
magnitude. The changes appeared to be of the order of 1 or 2 Hz (Figures 2.36). Similarly,
Holmlund and Lundstrém (1998) and Mansfield and Lundstrém (1999a) also observed the
non-linear response of seated persons to vibration magnitude in the fore-and-aft and lateral
directions — the principal resonance frequency in either fore-and-aft or lateral direction

decreased with increasing vibration magnitude.
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Figure 2.36: Effect of vibration magnitude on the apparent mass of the body. Top graph: fore-
and-aft direction; bottom graph: lateral direction. (dotted) ~ 0.5 ms? r.m.s; (dashed) ~ 1.0 ms™
r.m.s.; (solid) — 2.0 ms? r.m.s.. Data taken from Fairley and Griffin (1990).
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Nawayseh and Griffin (2005a and 2005b) also studied the non-linearity of the body in the
vertical, fore-and-aft and lateral directions during fore-and-aft excitation. Without a
backrest, the fore-and-aft apparent mass of the body was non-linear with vibration
magnitude at frequencies higher than 6 Hz (Nawayseh and Griffin, 2005b). With a
backrest, the resonance frequency and apparent mass at resonance reduced significantly
with increasing vibration magnitude (Nawayseh and Griffin, 2005a). The ‘cross -axis’
vertical and lateral apparent masses of the body (with or without backrest) also tended to
decrease with increasing vibration magnitude (Figures 2.37a to 2.37c). In addition, the
earlier study (i.e. Nawayseh and Griffin, 2005a) also reported non-linearity in the apparent
mass of the body at the backrest in all three directions. With a change in vibration
magnitude, there were significant differences in the resonance frequency of the fore-and-aft
apparent mass at the backrest (Figures 2.38a). The resonance frequency and, generally, the
‘cross-axis’ vertical apparent mass at the backrest also decreased with increasing vibration
magnitude (Figures 2.38b). Although the lateral forces at the back were relatively low,
compared to vertical forces, the non-linear trend was also observed — the ‘cross-axis’ lateral

apparent mass at the backrest tended to decrease with increasing vibration magnitude

(Figures 2.38c).
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)

vertical apparent mass of the body and (c¢) ‘cross-axis’ lateral apparent mass of the body, on the

seat during fore-and-aft excitation (with backrest). Data taken from Nawayseh and Griffin (2005a).
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2.2.6 Conclusions

Studies have shown that the body has three vertical resonances during vertical excitation:
a major resonance was found around 5 Hz while the second and third resonances at
approximately 10 Hz and 50 Hz. Equivalent responses in the fore-and-aft and lateral
directions depended on the feet and upper body support. Without a backrest and with feet
supported and moved together with the seat, the body showed three resonances in the fore-
and-aft direction (around 1 Hz, between 1 and 3 Hz, and between 3 and 5 Hz) and two
resonances in the lateral direction (around 0.7 Hz and 2 Hz), while when the feet were
supported on a stationary footrest, the frequency of the resonances were slightly higher
(between 3 and 5 Hz in the fore-and-aft direction and around 2 Hz and 6 Hz in the lateral
direction). When the upper body leaned against a backrest, there appeared to be only one
principal resonance frequency of the body in either direction (3 Hz in the fore-and-aft

direction and 1.5 Hz in the lateral direction).

During either vertical or fore-and-aft excitation, recent studies have shown that the body
gives rise to ‘cross-axis’ response on the seat and at the backrest. During vertical
excitation, there was a resonance of the ‘cross-axis’ fore-and-aft apparent mass of the body
around 5 Hz on both the seat and at the backrest. Likewise, during fore-and-aft excitation,
the ‘cross-axis’ vertical apparent mass of the body on the seat showed three resonances
without a backrest, but only one resonance was evident with a backrest. The ‘cross-axis’
vertical apparent mass of the body at the backrest showed resonance around 6 Hz. In
either direction of vibration excitation, the ‘cross-axis’ lateral apparent masses on both the

seat and at the backrest were relatively low.

The apparent mass of the seated persons during either vertical or fore-and-aft excitation
was found to be non-linear with vibration magnitude: the principal resonance frequency of
the body decreased with increasing vibration magnitude. The ‘cross-axis’ responses of the
body, either on the seat, or at the backrest, during either vertical, or fore-and-aft vibration
was also non-linear - the magnitude of the ‘cross-axis’ responses reduced with increasing

vibration magnitude.

Various factors have been found to affect the vertical apparent mass of the body during
vertical excitation. However, further study is needed in the horizontal directions. The
presence of a vertical backrest has been found to greatly influence the biodynamic

responses on of the body on the seat during either vertical or fore-and-aft excitation.
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2.3 Seating dynamics

2.3.1 Introduction

Seats play an important role in vehicles. For instance, they give support to the body when
using a vehicle and may be needed to attenuate high vibration magnitudes in the case of
agricultural vehicles. A seated person in a car will be exposed to different types and
directions of vibrations. The vibration can be either translational or rotational or both and
it can be in vertical or horizontal directions. It is an important aspect to consider the seat
dynamics in order to understand the responses of seated subjects exposed to vibration in

vehicle.

2.3.2 Methods of evaluating seating dynamics

A common method that has been widely used to evaluate the seating dynamics is
transmissibility measurements. Seat transmissibility can be defined as the amount of
vibration transmitted through the seat to the body. This amount can be described in the
form of a transfer function between the input and the output accelerations of the system
(see Section 3.4.1 for the methods of calculation). For instance, the vertical transmissibility
of a seat is the ratio of the acceleration at the buttock-seat cushion interface (normally
beneath the ischial tuberosities) to the acceleration at the seat base. For backrest
transmissibility, a similar method applies (in this case, the human back and the backrest

can be regarded as the output point).

The transmissibility of seats can be either measured in vehicles (for field tests), or in
laboratory measurements. In either case, suitable transducers (i.e. accelerometers) can be
mounted at the base of a seat, or on the floor of a vibrator platform so as to measure the
input accelerations, and at the human-seat interface (e.g. beneath ischial tuberosities, or

between the human back and the backrest cushion).

2.3.3 Measurement devices for vibration on seats

Measuring seat transmissibility requires accelerometers to be placed close to the interface
point between the body and the seat. The transducers must offer little resistance to the

movement of the body-seat system as moving together with the interface point.
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In early studies of seat transmissibility, there were few methods employed by the
researchers to measure the acceleration at the seat-person interface point. For example,
Radke (1956) used accelerometers fixed to a belt worn by the subjects to measure the
vertical transmissibility of a cushion seat. However, this method has a potential of giving
an inaccurate results, as the vibration was not measured at the point of interface between
the seat and the buttocks. Matthews (1964) measured the vertical seat transmissibility of a
tractor seat during field tests in which the accelerometer was attached by a leather harness
to the subject’s back. This method is also prone to give inaccurate reading of the
acceleration at the seat-person interface as the acceleration may be affected by pitching
movement of the upper-body. In a later study, Matthews (1966) used a different approach
to measure the seat transmissibility in both field and the laboratory studies so as to assess
the ride quality of an agricultural tractor seat. The acceleration on the seat-person
interface was monitored by attaching the accelerometer to a wooden board approximately
130 in? (equivalent to 0.0834 m®) area, which was placed on the cushion or seat pan
beneath the subject. The author suggested that the area of the board was chosen to be
similar to that area of cushion, which is normally depressed by the operator, although he
argued that this was only approximated to the natural conditions, since the board was
both rigid and flat. In a different study, Miwa and Yonekawa (1971) used a ‘box-type’
accelerometer mounting to measure the acceleration between subject and the seat cushion.
In that study, three types of box with different measurements and weight were examined:
i) 230 by 180 by 45 mm® weighted 1.3 kg, ii) 280 by 240 by 45 mm® weighted 2.2 kg and
iii) 300 by 300 by 30 mm® weighted 1.3 kg. The authors found that box iii) can be used to
measure the seat transmissibility, in particular, in the field tests in the frequency range 2
to 100 Hz. However, in both studies (i.e. Matthews, 1966, and Miwa and Yonekawa, 1971),
either the flat and rigid board, or the ‘box type’ accelerometer, did not ‘allow’ the natural
compression of the buttock on the seat cushion and that pressure distribution is not
accurate. In addition, the size and weight of the later accelerometer mountings were big

and heavy.

Recognising the importance of having a more suitable device that can be used to measure
the acceleration at the seat-person interface point without altering the measurements, the
Society of Automobile Engineers (SAE) defined a mount to measure the acceleration at the
point of interface (SAE, 1974). The recommended device is a ‘semi-rigid’ interface, known
as an SAE pad, or SIT-pad (SIT - Seat Interface Transducer). The primary requirement
for the pad has been specified to ‘provide a suitable mounting for the accelerometers, not
disturb the operator comfort, and not significantly distort the buttock-cushion load
distribution’. The pad is a circular pad with thin edges but thickens towards the centre to

provide a central cavity for miniature accelerometers. The pad is recommended to be
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placed on the seat so that the accelerometer is midway between the ischial tuberosities.

Figure 2.39 shows the device with the appropriate dimensions.
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Figure 2.39: SAE pad, or SIT-pad. From the Society of Automotive Engineers (1974).

Whitham and Griffin (1977) investigated the difference between three accelerometer-
mounting methods to measure the vibration on foam. The first mounting was a simple
aluminium bar (290 by 45 by 20 mm), which contained an accelerometer oriented to
respond to vertical vibration. The second mounting was a SAE pad, which was similar to
that in SAE (1974). The third mounting was a ‘Seat Interface for Transducers indicating
Body Acceleration Received’ or SIT-BAR (Figure 2.40). The SIT-BAR had a hard and flat
upper surface to provide a rigid contact with the ischial tuberosities while the lower surface
imitate the shape of the portion of the human buttocks normally in contact with a seat.
The authors found that the design of the SIT-BAR meets the principle requirements for
measuring vibration on soft seat and gave good agreements with the results obtained using

SAE-pad in the range of 2 to 32 Hz.

Hole for mounting accelerometers
y

Figure 2.40: SIT-BAR. From Whitham and Griffin (1977).
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When measuring acceleration on a backrest, the principal requirement of placing the
accelerometer near to the interface point sill applies. As specified in the International
Standard ISO 10326-1 (1992), such that if measurements are made on the backrest, the
accelerometers shall be (horizontally) located in the vertical longitudinal plane though the
center-line of the seat. The interface device is, generally, sandwiched against the backrest

and the back.

2.3.4  Transmissibility of seats (conventional and suspension)

in the vertical direction

The vertical transmissibilities of seats have been extensively studied in both the field and
the laboratory. Radke (1956) conducted both field and laboratory measurements and found
that the vertical transmissibility of cushion seats showed a resonance around 3 Hz, while a
suspension seat showed a peak around 1 Hz. However, the transmissibilities were measure
from the floor to around the waist of the subjects (since the accelerometer were attached at
the subject’s belt), and possibly this may have included the pitching motion of the body.
The resonance frequencies of vertical transmissibility of the tractor seats were found
around 3.5 Hz (with rigid seat-pan and foam cushion), but the peak frequency reduced
around 2.5 Hz for suspension seats (Matthews, 1966). In this study the accelerometer was
attached on a flat wooden board (approximately 130 in’) and placed between the seat
cushion and the subject. Leatherwood (1975) studied the dynamic characteristics of three
typical transport vehicle seats: i) first class aircraft seat, ii) aircraft tourist class seats and
iil) city rapid-transit bus seats. All seat types contained foam cushion. The results showed
that between 1 to 9 Hz, the bus seats showed the least transmissibility. The resonance
frequencies of all three seats were found around 4 Hz. In this study, the accelerometer at
the seat-person interface (i.e. between the buttock and the seat cushion) was installed
inside the foam cushion and around the middle part of the seat cushion. The accelerometer
was protected with metal box, in which the top box was a disk plate with 0.1524 cm in
diameter. Although there was no systematic technique of positioning the accelerometer
between the buttock and the seat cushion in all three studies, the results showed

agreement in the resonance frequency of the transmissibility of conventional seats.

Whitham and Griffin (1977) measured the transmissibility of a 100 mm foam cushion with
three types of accelerometer mountings; (i) aluminium bar (290 by 45 by 20 mm), (ii) SAE
pad (as suggested in the SAE, 1974) and (iii) SIT-PAD. The authors developed the later
mount such that: i) it met the requirements as suggested in the SAE (1974), and that the
accelerometer can be mounted near the center of the disc, and beneath the ischial

tuberosities, and ii) the mount can provide a firm platform in which rotational
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accelerometer can be mounted. The results showed the cushion transmissibility showed
resonance at approximately 3 Hz for the aluminium bar and at 5 Hz for both the SAE pad
and the SIT-BAR (Figure 2.41). The authors concluded that the design of the SIT-BAR
could be used for measuring vibration on soft seats. A resonance around 4 to 5 Hz of
conventional seats was also found by Corbridge et al. (1989), Fairley and Griffin (1989),
Ebe and Griffin (1995), Lewis and Griffin (1996), Mansfield and Griffin (1996) and Wei
and Griffin (1998c¢).

Tranwniuibilbty

Frequency { Hz}

Figure 2.41: Transmissibility of foam measured with one subject using an aluminium bar (dotted
line), the SIT-BAR (dashed line) and the SAE pad (solid line). Data taken from Whitham and
Griffin (1977).

A study by Lewis and Griffin (1996) showed that the vertical transmissibilities from the
floor to a fixed backrest showed a principal resonance around 4 Hz. In that study, the
authors also measured the vertical backrest transmissibility with a moving backrest. As it
was suggested that low-back pain can be caused by the strain imposed on the lumbar spine
from differential motion occurring between the seat and the back. By allowing the backrest
to move vertically (i.e. not attached to the seat-pan), the lumbar strain might be reduced
so as to allow the motion of the back and reduced the imposed strain. With the moving
backrest, although the vertical transmissibility to the lumbar 2 was reduced between 6 and
40 Hz compared to the fixed backrest, the transmissibility at resonance with the moving
backrest was much higher than the fixed backrest (Figure 2.42). The vertical
transmissibility to the moving backrest, however, also showed a resonance around 4 Hz.
Houghton (2003) also measured the vertical transmissibility to the seat and backrest
during vertical excitation. The author found that the vertical transmissibility to the seat
and backrest, both showed a resonance around 4 Hz. In that study, the ‘cross-axis’ fore-

and-aft transmissibility to the seat and to the backrest was also measured (by comparing
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the fore-and-aft acceleration measured on the seat and at the backrest with the applied
vertical acceleration at the floor). Several resonances were observed in the ‘fore-and-aft’
transmissibility of the seat (at 4 to 5 Hz, 17 to 18 Hz and 34 to 39 Hz), while the ‘fore-

and-aft’ transmissibility of the seat showed a resonance around 5 Hz.

4.0 Tt T | I— T 1 | m— | — T 1

I fixed backrest moving backrest

transmissibility

Frequency (Hz)

Figure 2.42: Transmissibility from the seat to the back (at lumbar 2). Data from Lewis and
Griffin (1996).

A suspension mechanism, which can be mounted below a seat cushion can attenuate the
vibration to the body through the seat and reduce the resonance frequency of the seat
transmissibility. This can be achieved by including a low stiffness spring in the additional
suspension mechanism. Figure 2.43 shows an example of a comparison between the
transmissibility of a conventional seat and a suspension seat (Griffin, 1990). It can be seen
that with the suspension mechanism, the transmissibility was greatly reduced and the
resonance frequency reduced from around 4 Hz with conventional seat to around 2 Hz with

the suspension seat.
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Figure 2.43: Comparison of the transmissibilities of a rigid seat, foam and metal sprung car seat

and a truck suspension seat. Data from Griffin (1990).
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Almost all the previous studies reported on the vertical seat transmissibility, or the vertical
floor-to-backrest transmissibility was conducted in laboratory measurements and the
vibration was confided only to vertical excitation. A recent study by Qiu and Griffin
(2003) showed that in a field tests, the power spectral density of the time history
acceleration measured on the seat and at the backrest in the vertical and fore-and-aft
directions were distributed up to 60 Hz. The vertical vibration on the seat, or at the
backrest was not only induced by the vertical vibration of the car, but also it can be

caused by the pitching motion of the vehicle.

2.3.5 Factors affecting seat transmissibility in the vertical

direction

Knowledge of the factors that may affect seat transmissibility is useful when designing a
seat, or when trying to identify the cause of discomfort, which may come from vibration
transmitted to a seat. The seat transmissibility may be changed if, for instance, the
properties of the seat are changed in order to improve the dynamic performance of the
seat. It is hence important to study and observe the factors that can affect the seat

transmissibility.

2.8.5.1 Effect of sitting posture

Radke (1956) studied the effect of driver’s arm and leg effort on the seat transmissibility
with both conventional and suspension seats. For a conventional seat, the transmissibility
was greatly reduced between 1 to 6 Hz when the subjects pushed against the footrest and
the steering-wheel, compared to when subjects adopted normal sitting posture (i.e. without
applying additional forces on the steering-wheel, or footrest). However, the resonance
frequency of the seat transmissibility remained unchanged. For the suspension seat, the
authors found that when subjects pushed against a footrest and a steering-wheel, the
transmissibility was reduced between 1 and 3 Hz, but increased at frequencies higher than
3 Hz compared to normal sitting posture. The author also found that when pushing against
the footrest and the steering-wheel, the resonance frequency of the vertical transmissibility
of a suspension seat was increased. It seems that when pushing the footrest and the
steering wheel, possibly, the body stiffness and the dynamic stiffness of the suspension seat

increase, hence the resonance frequency increased.

The effect of the upper and lower body posture on the seat transmissibility of a seat
cushion was investigated by Corbridge et al. (1989). The effect of lower body posture was

investigated when thirty subjects were asked sit in a ‘normal’ sitting posture (hands on
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laps and seated against the backrest) and adopted three leg positions: i) feet flat on the
floor in line with the front of the seat cushion, ii) feet flat on the floor 200 mm from the
front of the seat and iii) feet resting on heels, legs fully extended. The effect of the upper
body posture was investigated when subjects sat with their feet flat on the floor,
approximately 200 mm from the front of the seat cushion, while the upper body adopted:
i) ‘normal’ sitting posture, ii) ‘arms on armrests’, in which it was similar with the ‘normal’
posture, except that the subjects were required to rest their lower arms and hands on the
armrests, which were in a fixed on either side of the seat, and iii) ‘back off’ posture, in
which subjects leaned forward so that the back was not in contact with the backrest, and
the hands rested on their laps. The authors found that changes in the position of the upper
body had a more pronounced effect on the seat transmissibility than changes in the leg
position. Extending the legs further from the seat cushion had little influence on the seat
transmissibility — the transmissibility increased slightly between 1 and 4 Hz, and a slight
decrease in the transmissibility between 5 and 15 Hz and between 22 and 25 Hz. However,
there was a significant effect of the upper body posture on the seat transmissibility. The
resonance frequency of the seat transmissibility in ‘back off’ posture was lower than
‘normal’ and ‘arms on armrests’, and less vibration was transmitted between 4 and 8 Hz
(Figure 2.44). The ‘arms on armrests’ produced the highest resonance frequency and
transmitted more vibration through the seat between 4 and 8 Hz. The ‘normal’ sitting
posture had the highest transmissibility at resonance than the other two upper body

postures.

Transmissibility
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Figure 2.44: Effect of the upper body posture: (solid) ‘normal’, (dashed-dot) ‘arms on armrests’
and (dashed) ‘back off’ on the seat transmissibility. Data from Corbridge et al. (1989).
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2.8.5.2 Effect of footrest

Fairley (1986) investigated the effect of the footrest height on the seat transmissibility
using one subject. Eight heights of footrest positions were studied. The highest position
was described as giving minimum contact between the thighs and the seat. The footrest
was then lowered by a total of 0.32 m in 0.04 m steps. The seat transmissibility showed a
resonance around 3.5 Hz, and that changes in the footrest height had minimal influence on
the resonance frequency and transmissibility at resonance (Figure 2.45). At frequencies
higher than 4 Hz, the transmissibility tended to decrease with increasing height of the

footrest.

o] 10 20
Frequency (Hz)

Figure 2.45: Effect of the footrest height on the seat transmissibility. Data from Fairley (1986).

2.8.5.8 Effect of backrest, backrest inclination and seat pan

inclination

The vertical seat transmissibility of four subjects seated on a cushion seat with no backrest
showed a resonance around 4 Hz (Fairley, 1986). With a backrest (in which subjects made
full contact with the backrest), the resonance frequency increased slightly compared to
when no backrest was used. The transmissibility was also greater than with no backrest at
frequencies higher than the resonance frequency up to 20 Hz. However, when only the
lumbar and was supported, the resonance frequency was higher than with the no backrest

condition, but lower than when the back was in full contact with the backrest. At
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frequencies higher than around 8 Hz, the transmissibility of the seat was highest with only

the lumbar was supported.

Cogger (1979) reported that the backrest inclination showed little effect on the seat
transmissibility of a foam seat cushik;;n. With twelve subjects involved in the study, the
results showed that as the backrest inclination was increased from 16° to 32°, there was no
change in the resonance frequency of the seat transmissibility and there was only slight
increased in the transmissibility at resonance. Similarly, Fairley (1986) also found that
with increasing backrest inclination from a vertical backrest (i.e. 90°) to 150° of backrest
inclination (measured from horizontal), the effect was small on the resonance frequency of
the seat transmissibility (Figure 2.46). Between 5 and 10 Hz, the transmissible of the seat
increased with increasing backrest inclination. Corbridge et al. {1989) found a similar trend
for the effect of the backrest angle: with increasing backrest inclination from 95° to 115°
(both measured from horizontal), no change in the resonance frequency of the seat
transmissibility was reported and only slight increased in the transmissibility at resonance
was observed. The transmissibility between 6 and 9 Hz was increased with increasing
backrest inclination, but the magnitude of this effect was small. The small influence of the

backrest inclination with a rigid backrest was also reported by Toward (2001).
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Figure 2.46: Effect of the backrest inclination on the seat transmissibility. Data from Fairley
(1986).

Houghton (2003) also reported that increasing the backrest inclination from 90° to 120°
(measured from horizontal) increased the transmissibility at resonance, and the
transmissibility between 5 and 10 Hz was highest with more inclined backrest. The author,
however, reported that the resonance frequency of the vertical seat transmissibility

increased with increasing backrest angle, although previous studies (e.g. Cogger, 1979,
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Fairley, 1986, Corbridge et al., 1989 and Toward, 2001) suggested that increasing backrest
inclination had a small effect on the resonance frequency of the seat transmissibility. The
author suggested that the increase in the resonance frequency of the vertical seat
transmissibility can be explained by the change in the distribution of mass between the
seat and the backrest, with the backrest supporting more of the upper-body weight when
the backrest was inclined. A study by Wei and Griffin (1999) reported that the resonance
frequency of the apparent mass of the body increased with increasing backrest inclination —

in part, or not, totally, due to less body mass supported on the seat surface.

Houghton (2003) also reported that with increasing backrest inclination, the small effect
was reported on the resonance frequency and transmissibility at resonance of vertical
vibration at floor to the vertical vibration on the backrest, and the magnitude of the
transmissibility was relatively lower than that on the seat. The author also reported that
considerable fore—énd-aft vibration was induced by the vertical excitation of the seat. The
‘fore-and-aft’ transmissibilities at the seat pan and at the backrest, both showed a
principal resonance around 5 Hz, and that frequency was significantly increased with
increasing backrest inclination. The transmissibilities at resonance of both the ‘fore-and-aft’
transmissibilities of the seat and the backrest increased significantly with increasing
backrest inclination (Figure 2.47a and 2.47b). Between 0.25 and 8 Hz, the ‘fore-and-aft’
transmissibilities at the seat pan and at the backrest increased with increasing backrest

inclination.

Wei and Griffin (1998a) investigated the influence of seat cushion inclination on the seat
transmissibility with five cushion inclinations (0°, 5°, 10°, 15° and 20°). Twelve subjects
participated in the study and all the subjects were exposed to a vibration magnitude at 1.5
ms? r.m.s. over the frequency range of 0.2 to 25 Hz. The subjects were asked to adopt
upright postures, with their backs not touching the backrest. The results showed that the
seat transmissibility appeared to decrease at frequencies below 6 Hz and increased above 6
Hz with increasing seat-pan inclination (Figure 2.48). However, there was small effect of
the seat pan inclination on the resonance frequency of the seat transmissibility. The
transmissibility at resonance was found to decrease with increasing seat pan inclination. It
seems that changing in the lower body posture has small effect on the vertical seat

transmissibility.
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Figure 2.47: Effect of backrest inclination on ‘fore-and-aft’ transmissibilities at the (a) seat-pan

and (b) backrest, during vertical excitation of the seat. Data taken from Houghton (2003).
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Figure 2.48: Effect of seat-pan inclination on seat transmissibility. Data taken from Wei and

Griffin (1998a).

2.83.5.4 Effect of subject characteristics

Mathews (1967) reported that the transmissibility of a suspension seat showed better
isolation for heavier subjects than that the lighter subjects. Similar findings were also
documented by Stayner and Bean (1971) — the seat transmissibility decreased for heavier
subjects. However, Corbridge (1981) found that subject weight had relatively little effect

on the performance of the seat.

In the case of conventional seat, Fairley (1986) found that prediction of the seat
transmissibility showed increased transmissibility at resonance when the mass of the person
was increased (i.e. with increasing pre-load from 300 N to 900 N). The resonance frequency
decreased with increasing pre-load on the seat cushion. A similar finding was also reported
by Wei and Griffin (2000): with increasing pre-load of the seat cushion (greater pre-load
associated with heavier subject’s weight), the predicted foam transmissibility showed lower

resonance frequency with heavier subject.

Corbridge (1981) studied the effect of two subjective variables, age and gender, on
suspension seat performance. Two seating conditions were used. The first condition was
that the suspension system of the seat was fully wound up in order to lock the mechanism.
In the second condition, the seat was adjusted to the subject's weight. The subject
variables were found to have relatively little effect on the performance of the seat. Richard
(1996) also found that the effect of gender on the seat transmissibility of a car seat was

small.
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2.8.5.5 Effect of different material properties

Ebe (1993 and 1994) and Griffin (1995) conducted a series of studies to investigate the
effect of: 1) the composition, ii) the density and iii) the foam pad construction of
polyurethane foam on transmissibility of an automotive seat. Eight subjects participated in
the first two studies, while the later study involved twelve subjects. In the first study, four
different types of seats with different composition were investigated. All four seat types
(either foam blocks or real automotive seats) consisted of polyurethane and were described
as: 1) low density type, or type ‘A’, ii) standard type, or type ‘B’, iii) long durability type,
or type ‘C’, and iv) soft feeling type, or type S. The results showed that the composition of
polyurethane foam of the seat does affect the seat transmissibility by affecting the
resonance frequency. The type ‘A’ foam attenuated more vibration at the resonance
frequency than the other foams, but had the highest resonance frequency of the seat
transmissibility for both the foam blocks and the real automotive seats (Figure 2.49a). In
the second study, the authors found that the seat transmissibility of five different densities
of a same composition (i.e. type ‘C’, or long durability type) did not have significant effect
on the seat transmissibility (Figure 2.49b). In the later study, the authors investigated the
effect of foam pad construction on the seat transmissibility. Using twelve subjects, the seat
transmissibilities were measured on a bumpy road and on a motorway. The authors found
that the foam pad construction had significant effect on the transmissibility at resonance
for both the bumpy and motorway roads, but showed no significant effect on the resonance

frequency of the seat transmissibility (Figure 2.49c).

Toward (2001) studied the effect of backrest interaction on seat cushion transmissibility.
The effect of backrest bulk properties (i.e. soft, hard and rigid backrests), backrest's surface
conditions (i.e. lubricated backrest, soft-foam backrest, “stuck' to rigid backrest and no
backrest) were investigated. The transmissibility from the seat base to the seat surface

cushion appeared to be unaffected by the bulk properties of the seat backrest.
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foam on the seat transmissibility. Data taken from Ebe (1993, 1994) and Griffin (1995).
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2.85.6 Effect of vibration magnitude

The effect of the vibration magnitude on seat transmissibility has been studied by many
researchers to give better understanding of the seat dynamics of suspension seats (e.g.
Ashley, 1976 and Wu and Griffin, 1996) and conventional seats (e.g. Leatherwood, 1975;
Fairley, 1983; Corbridge et al., 1989; Toward, 2001 and Houghton, 2003).

Wu and Griffin (1996) demonstrated that the transmissibility of four suspension seats was
affected by the vibration magnitude. The suspension seat system consisted of the seat
cushion and the suspension system. Only one subject was involved in the study. The
subject was exposed to five vibration magnitudes (0.35, 0.7, 1.05, 1.4 and 1.75 ms” r.am.s.).
The authors found that when the input magnitude increased, both the resonance frequency
and transmissibility at resonance of the seat cushion decreased (Figure 2.50a). The
resonance frequency of the suspension mechanism tended to decrease with increasing
vibration magnitude at lower magnitudes, although at high vibration magnitudes, there
appeared to be no change in resonance frequency. Transmissibility at resonance of the
suspension system at higher magnitudes was higher than at low magnitudes (Figure 2.50b).
Between 2 and 20 Hz, transmissibility decreased with increasing vibration magnitude of
the whole seat-suspension cushion system. At lowest magnitude, the suspension mechanism
showed no effect on attenuating the vibration, but the effect of suspension mechanism was

more pronounced on attenuating vibration at higher magnitudes.

Fairley (1986) studied the effect of vibration input characteristics on the seat
transmissibility. Only one seat was used and the seat comprised of conventional foam and
spring construction without a backrest. Different subjects were used and subjects were
exposed to magnitudes of 0.25, 0.5, 1.0 and 2.0 ms”® r.m.s. in the frequency range of 0.25 to
20 Hz. The author found that the resonance frequency decreased by about 1 Hz when the
magnitudes were increased from 0.25 to 2.0 ms™ r.m.s. (Figure 2.51). The transmissibility
at resonance also decreased with increasing vibration magnitude. The author suggested
that the results found reflected the non-linearities in the seat, or the seated person, or
both. Non-linearity response of the seat transmissibility with vibration magnitude were

also reported by Corbridge et al. (1989), Toward (2001) and Houghton (2003).
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Figure 2.50: Transmissibilities of the seat cushion (a), the suspension (b) and the whole seat

(suspension and seat cushion; ¢) at five vibration magnitudes with 75 kg of human subject. Five

magnitudes of vibration input: 1 (0.35 ms? r.m.s.); 2 {(0.70 ms? r.m.s.); 3 (1.05 ms? ram.s.); 4

(1.40 ms? r.m.s.) and 5 (1.75 ms? r.m.s.). Data taken from Wu and Griffin {1996).

Transmissibility

F NS | . ) - 1

Vibration Magnitude

-2

ms r.m.s.

1

0.
0.

2 4 6 8 10
Frequency

12
{Hz)

14

16

13

20

Figure 2.51: Mean seat transmissibility of a seat measured with eight subjects at six different

vibration magnitudes. Resonance frequency decreased with increasing vibration magnitude. Data

taken from Fairley {1986).
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2.3.6 Transmissibility of seats in horizontal directions

Most of the documented studies of seat transmissibility have concerned vibration in the
vertical direction. Only a few studies have been reported in the horizontal directions (i.e.

fore-and-aft and lateral).

2.5.6.1 Fore-and-aft direction

‘When one subject was exposed to random fore-and-aft vibration at a vibration magnitude
of 1.0 ms? r.m.s. and in the frequency range of 1 to 20 Hz, the vibration transmission from
the floor to the seat cushion of a suspension seat in the fore-and-aft direction showed a
resonance around 3.5 Hz (Fairley and Griffin, 1984). The transmissibility, however, showed
a magnitude near unity. When the seat was loaded with rigid mass, the results showed
that the resonance frequency and the transmissibility at resonance were increased
compared to when a human subject was used. Likewise, six suspension seats showed
principal resonance of the fore-and-aft transmissibility between 1 and 2 Hz, with

transmissibility at resonance of 1.5 to 2.5 (Corbridge, 1984).

With a conventional seat, Mansfield and Griffin (1996) measured the vehicle seat
transmissibility in vertical, fore-and-aft and lateral directions in with anthropometric
dummy and human subjects in a field study. Twelve subjects were involved in the
experiment and all subjects were driven on a motorway, two minor country roads, two
major urban roads and a minor urban road. The results showed that with human subjects,
the fore-and-aft seat transmissibility exhibited resonances at 1 to 2 Hz and 4 to 5 Hz. The

dummy data gave similar results at frequencies below 10 Hz.

Recently, Qiu and Griffin {2003) conducted field and laboratory studies to measure the
fore-and-aft transmissibility from the seat base to the seat surface and to the backrest. In
the car tests measurement, only two subjects were involved in the study and the car was
driven over two different roads with a constant speed of 40 m.p.h. In the laboratory test,
the authors used twelve subjects. All subjects were exposed to three vibration magnitudes
(0.498, 1.015 and 1.951 ms? r.m.s.) in the frequency range of 0.4 to 60 Hz. The laboratory
test results showed that the transmissibility from the floor to the seat exhibited three
resonance frequencies at about 5 Hz, 28 Hz and 48 Hz (Figure 2.52a). Similar resonance
frequencies were also obtained for the transmissibility from the floor to the backrest but
with better visibility and more pronounced than that on the seat (Figure 2.52b). Likewise,
similar resonances were also obtained on both the seat and the backrest in the car test

measurements. However, due to lower coherency and the multi-input vibrations, the peaks
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were less visible compared to the laboratory study. In the field test results, the fore-and-aft
transmissibility to the backrest tended to be higher than the fore-and-aft transmissibility
to the seat. The author suggested that this may be due to the effect of pitch and roll
motions on the seat pan were not as significant as on the backrest. In addition, the
contribution of the vertical input to the seat pan is relatively small compared to the
backrest due to smaller inclined angle of the seat pan. While the results from the field test
may incorporate the multi-axis vibration input and that the subject may adopt the real
sitting posture in vehicles, the laboratory tests provided a much better coherency for the
transmissibility and the vibration input spectra can be controlled and manipulated,
especially when it is not possible to measure the response in the appropriate vehicle. Figure
2.52¢ shows the comparison of the results of the fore-and-aft transmissibility to the seat

and backrest measured in field and laboratory tests.

Qiu and Griffin (2004 and 2005) evaluated the vibration to the backrest of car seat
measured in their earlier study (Qiu and Griffin, 2003) with multi-input models to
determine the vibration input at the seat base can induce the fore-and-aft vibration at the
backrest. The authors found that the fore-and-aft vibration and the vertical vibration, but
not the lateral vibration at the four corners of the seat base contributed to the fore-and-aft
vibration (Qiu and Griffin, 2004). This result was found when they investigated the
transmission of vibration from the seat base to the backrest using a single-input and multi-
input models. They concluded that a single-input model is not sufficient to study the
transmission of vibration to the seat back in the horizontal directions. In the later study
(Qiu and Griffin, 2005), the authors used the same single-input and multi-input models as
in their previous study (Qiu and Griffin, 2004) and found that the pitch and roll vibration,
together with the translational vibration at the seat base, made significant contributions to
the fore-and-aft backrest vibration. They also found that a translational model comprising
the fore-and-aft and vertical inputs, and a combined rotational and translational model
consisting of pitch, vertical and fore-and-aft vibration input appeared to give equally good

prediction of fore-and-aft backrest transmissibility.
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Figure 2.52: Fore-and-aft transmissibility from the floor to the: (a) seat and (b) backrest, and
(c) the comparison of the transmissibility from the floor to the seat pan and to the backrest

measured in field tests and laboratory measurements. Data from Qiu and Griffin (2003).
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2.8.6.2 Lateral direction

Leatherwood (1975) measured the lateral vibration characteristics on two aircraft seats and
one bus seat. A total of ninety-two subjects participated in the experiment. The subjects
were tested in groups of four and six, depending on the seat type. Each group of subjects
was exposed to sinusoidal vibration over the frequency range of 1 to 30 Hz at three
vibration magnitudes (approximately at 0.49, 0.98 and 1.47 ms® r.m.s.). The results
showed that lateral seat transmissibility had a resonance frequency at 1 to 2 Hz. A similar
finding was also reported by Smith and Kwak (1978) when the authors measured the
lateral seat transmissibility of a bench-type automotive front seat. However, Mansfield and
Griffin (1996) found that the lateral seat transmissibility on a road test did not show a
clear resonance with twelve subjects but showed two resonances at 4 Hz and 15 Hz when

an anthropometric dummy was used.

2.3.7 Factors affecting seat transmissibility in the horizontal

direction

There is very limited knowledge of the factors that can affect the seat transmissibility in
the horizontal vibration. The only factor that some researchers have investigated is the

effect of vibration magnitude.

2.8.7.1 Effect of vibration magnitude

Seat transmissibility has been found to show a non-linear response with vibration
magnitude in the vertical direction - the resonance frequency decreased with increasing
vibration magnitude. One study showed evidence that the vibration magnitude has little
effect on the resonance frequency of the fore-and-aft seat transmissibility (e.g. Corbridge,
1984). A recent study conducted by Qiu and Griffin (2003) found that the fore-and-aft seat
transmissibility is non-linear with vibration magnitude - both the first and second
resonance frequency decreased with increasing vibration magnitude from 0.498 to 1.951 ms’
? r.m.s.(Figure 2.53). In the same study, a similar non-linear characteristic was found for
the fore-and-aft backrest transmissibility. Although the effect of the vibration magnitude
on the first peak of the fore-and-aft backrest transmissibility was marginally statistically
significant, the second resonance frequency reduced significantly with increasing vibration
magnitude (Figure 2.54). The transmissibility at resonances of both peaks tended to

decrease with increasing vibration magnitude, but only the changes in the first peak was
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found to be statistically significant. The non-linearity of the body with vibration

magnitude during fore-and-aft vibration (as previously shown, e.g. Nawayseh and Griffin,

2005a) may largely caused the non-linearity in the fore-and-aft seat transmissibility.
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Figure 2.53: Effect of the vibration magnitude on the fore-and-aft transmissibility from the floor

to the seat. Data taken from Qiu and Griffin (2003).
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to the backrest. Data taken from Qiu and Griffin (2003).

In the case of lateral vibration, Leatherwood (1975) found that the resonance frequency did

not change with increased vibration magnitudes but there was evidence that the

transmissibility at resonance increased with higher magnitudes.
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2.3.8 Conclusions

The vibration transmitted through a seat cushion, or a backrest can be measured using
accelerometers (e.g. mounted in a SAE-pad, or SIT-BAR). The accelerometers are usually
positioned at the principal load bearing on the seat-person interface (e.g. under beneath
the ischial tuberosities). The common analysis to quantify the vibration transmitted
through seats is the transmissibility method: a method of comparing the output

acceleration to the input acceleration.

The transmissibility of conventional seat was found to have resonance frequency in the
range of 3 to 5 Hz. In the case of a suspension seat, the resonances were found to reduce to
1 to 2 Hz. With few studies, fore-and-aft seat transmissibility has been found to have
resonances at 1 to 2 Hz, 4 to 5 Hz, 28 Hz and 48 Hz, while the fore-and-aft backrest
transmissibility exhibited resonances at 4 Hz, 28 Hz and 48 Hz. In the lateral direction, the

seat transmissibility showed resonance at about 1 to 2 Hz with magnitude near unity.

Various factors have been found to influence the vertical seat transmissibility, such as
sitting posture, variation in footrest height, backrest inclination, seat pan inclination and
different material properties of the foam cushion. Studies have also shown that the vertical
seat transmissibility is non-linear with vibration magnitude: the resonance frequency tends
to decrease with increasing vibration magnitude. Likewise, the fore-and-aft transmissibility
of seats on the cushion and at the backrest is also non-linear with vibration magnitude. No

study has reported on the non-linearity of the seat transmissibility in the lateral direction.

2.4 Biodynamic modelling of the seated person

2.4.1 Introduction

“The prediction of the forces and movements in the body is only the first step towards
predicting the effects of vibration on comfort, performance and health’ (Griffin, 1990). A
mechanical analogue with masses, dampers and spring, can therefore, act as simple steps of
modeling the biodynamic responses of human to vibration. The author also states seven

principal applications of biodynamic models as listed in Table 2.2.
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Table 2.2 Some application of the biodynamic models (from Griffin, 1990).

To represent understanding of the nature of body movements

To predict the influence of variables affecting biodynamic response

To provide a convenient method of summarising average experimental biodynamic data

To predict movements or forces caused by situations too numerous and varied for

experimental determination

To predict movements or forces caused by situations too hazardous for an experimental

determination

To provide information necessary for the optimisation of isolation systems (and other

systems) coupled to the body

To determine standard impedance conditions for the vibration testing of systems used

by man

The biodynamic responses of the human body exposed to whole-body vibration can be
represented by means several different types of model (Griffin, 2001). The author suggested
that the models can be categorized into three main groups: i) ‘mechanistic models’, ii)
‘quantitative models’ and iii) ‘effect models’. The first may reflect the mechanism involved
in the biodynamic responses of the human body and qualitatively described how the body
moves. The degree of complexity of such models would probably be higher than with the
two later types of model. The second type represents the input-output relationships
without claiming to represent the mechanism involved between the input and the output.
This may include prediction of one or more of the responses of the body to force or motion.
The third type of model may attempt to predict the effects of motion on human health,
comfort or performance. Currently, most biodynamic models fall into the second type, in
which lumped-parameter models (single degree-of-freedom, or multi degree-of-freedom
consisting masses, springs and dampers) were developed and fitted to the responses

obtained from the experimental studies.

This section will show some examples of the biodynamic models that had been developed.

2.4.2 Lumped parameter modelling in the vertical direction

2.4.2.1 Linear models

Coermann (1962) suggested one of the earliest and simplest model of the seated-human

body, consisted of one mass, one spring and one damper (Figure 2.556). The model was
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intended to represent the mechanical impedance of seated subjects subjected to vertical
excitation in the frequency range 1 to 20 Hz. The model, however, did not fit well with the
measurements data of the mechanical impedance of the body at frequencies higher than 5
Hz for obvious reason — the mechanical impedance of the body showed two resonances,
around 5 Hz and 11 Hz. In addition, the author also measured i) the seat-to-pelvis
transmissibility, relative to seat excitation, ii) pelvis-to neck transmissibility, relative to
seat excitation and iii) pelvis-to-neck transmissibility relative to pelvis excitation. The
results of i) and ii) showed two resonances around 5 Hz and 9 Hz, while iii) only showed
one resonance around 5 Hz. The author suggested that, the oversimplified one degree-of-
freedom human model cannot be considered to represent the body transmissibility since
the model also did not show good fit with the measured transmissibility data. Vogt et al.
(1968) also showed that the single degree-of-freedom model was oversimplified to represent
the mechanical impedance of sitting person under vertical excitation. Although a single
degree-of-freedom model can be oversimplified, Payne (1969) used such a model to
calculate the dynamic response index (DRI), as a measure of determining the peak stress in
the vertebral column for a given force, representing the dynamic response of the body
exposed to the forces of an aircraft ejector seat. The mass corresponded to the mass of the
upper torso and head, supported on the spring stiffness of the spine. The model showed
reasonable agreement with the experimental measurements, and the author suggested the

model could be improved by inclusion of the mass corresponded to lower pelvis.
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Figure 2.55: One degree-of-freedom model by Coermann (1962).

A two degree-of-freedom model consisted of masses, springs and dampers were developed
so as to approximate the human body response, in which the model can be used for testing
vehicle seats (Suggs et al., 1969). Two uncoupled masses, suspended from the same frame
formed the main construction of the model (Figure 2.56). The larger lower mass than that
the upper mass represents the ‘pelvis and abdomen’, while the other mass represents the
‘head and the chest’. The ‘spinal column’ was represented by the relatively rigid frame.
The model parameters were identified by comparing the average response of the

mechanical impedance of seated subject obtained with eleven subjects earlier by the
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authors. The results showed a close fit and good agreement between the model and the
subject data, with a resonance clearly shown at 4.5 Hz. When the model was used to
simulate the transmissibility of seats, it showed good agreement with the transmissibility
measured with a 77 kg subject. The authors concluded -that model was sufficient to
represent the dynamic response of seated person exposed to vertical excitation in the

frequencies below 10 Hz.
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Figure 2.56: Two degree-of-freedom model by Suggs et al. (1969).

Payne and Band (1971) expanded a single-degree-of freedom model used to calculate the
Dynamic Response Index (DRI) to a four degree-of-freedom lumped parameter model for
the same purpose (Figure 2.57). The authors found necessary to include the ‘pelvis mass’
at the bottom of the ‘spine spring’ and a buttock resiliency beneath the pelvis mass. The
‘pelvis mass’ and ‘buttock spring’ represented the ‘buttock mode’ because the authors
found that this mode has the greatest influence on impedance measurements of seated
person based on previous study reported by Vogt et al. (1968). The main body parts that
the model represented were the ‘buttock and pelvis mass’, the ‘viscera’, ‘the spine and
upper thorax’ and the ‘head and neck’. The parameters of the model were obtained from
various previous experimental data. The authors conducted a parametric study, whereby
the parameters of the model were varied and thus compared the driving point impedance
with those measured in experimental studies (e.g. Dieckmann, 1957, Lantham, 1957, Vogt
et al.,, 1968). The results of the model showed good agreement with the experimental data
at frequencies up to about 8 Hz. The author further developed the final model by using the
non-linear spine and buttock spring constants based on previous experimental studies (e.g.
Vogt et al., 1968). Although the authors expected similar results of the model with non-
linear properties and with that the experimental measurements, however, due to

insufficient time at that present time, the comparison data was not presented in the paper.
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Figure 2.57: Four degree-of-freedom by Payne and Band (1971).

Mertens and Vogt (1978) developed a five degree-of-freedom lumped parameter model of
the seated body so as to represent the dynamic response of the body under high magnitude
of vertical impact or pulse (Figure 2.58). The model consisted of five masses. These masses
were intended to represent to main body parts of a sitting subject. The represented body
parts were the ‘legs’ (ml), the ‘buttocks’ (m2), the ‘abdominal system’ (m4), the ‘chest
system’ (m6) and the ‘head’ (m7). The ‘spinal column’ was represented by the springs (k3,
k5 and k7) and dampers (c3, ¢5 and c7). The values of the masses in the model were
obtained from the anthropometric measurements, such as reported by Clause et al. (1969).
At first, the values of the springs and dampers were derived by fitting the magnitude and
phase of the response from the model with the measured mechanical impedance of the
body and seat-to-head transmissibility under vertical vibration at a vibration magnitude
around 0.3 G. However, the parameters of the model only valid for low level of vibration
magnitude. For higher vibration magnitude (up to +4 Gz), the authors suggested that the
body may respond non-linearly, thus values of the stiffness and damping of the body will
be shifted to different region. To obtain the stiffness and damping values of the model
under high level of vibration magnitude, the parameters of the model were derived by
fitting the model response with the measured impedance and seat-to-head transmissibility
from the measurements carried out earlier by Mertens (1978). The authors then made
comparison of the Dynamic Response Index (DRI) of model with linear parameters and
with the same model with the non-linear parameters. They found that the model with non-
linear parameters will tend to give higher index value than the model with linear

parameters.
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Figure 2.58: Five degree-of-freedom model by Mertens and Vogt (1978).

While some of the models described earlier were developed to calculate the DRI, others
were developed so that in can be used for testing seats (e.g. Suggs et al, 1969). A recent
study reported by Wei and Griffin (1998b), in which the authors developed four lumped-
parameter models seated people so as to represent the apparent mass of seated person
exposed to vertical vibration in the frequency range 0.25 to 20 Hz. Subsequently the
models were combined with cushion model (comprises of spring and damper only,
connected to the model at the base) used to predict vertical transmissibility of seats.
Figure 2.59 shows all the four models. The authors modelled two single degree-of-freedom
models and a couple of two degree-of-freedom models. The parameters of each model were
derived from fitting the magnitude and phase of the mean measured apparent masses of
sixty subjects, which had been reported by Fairley and Griffin (1989). The models were
not intended to propose the mechanism of the body during excitation but to provide
similar apparent mass response of the body with that of human subjects. All models
showed good fitting with the modulus and phases of the measured apparent masses data in
the frequency range 0.25 to 20 Hz. The authors concluded that the two degree-of-freedom
models appeared to compute a better fit to the magnitude and phase than the single
degree-of-freedom model. In addition, the two degree-of-freedom models also showed better

fit near the principal resonance frequency at 5 Hz.
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Figure 2.59: Single degree-of-freedom models (a and b) and two degree-of-freedom models (¢ and d)
by Wei and Griffin (1998b).

The lumped parameter model of human body can also be developed to explain the
mechanisms involve in the biodynamic responses of the body to vibration. An example of
such application of the lumped parameter model has been reported by Matsumoto and
Griffin (2001). The authors constructed two lumped parameter models with multi degree-
of—freedom (more than two) to simulate the dynamic mechanisms of the body associated
with the principal resonance of the seated human body exposed to vertical vibration
(Figure 2.60). Both models incorporated translational and rotational degrees of freedom.
The first model consisted of four masses, which correspond to the ‘whole legs (1)’, the
‘pelvis (2)’, the ‘viscera (4)’ and the ‘upper-body (3)’ (see Figure 2.60a), while the second
model incorporated five masses (Figure 2.60b), representing similar body parts with that in
the model 1, except that in this model, the ‘upper-body’ was represented by two masses (3
and 5). Although previous study has shown that the body is non-linear, for simplicity, the
authors neglected the non-linear properties of the body components. The masses and the
geometric parameters of the models were determined from the model parameters available
from literature (e.g. Liu and Wickstrom, 1973; Belytschko and Privitzer, 1978; National
Aeronautics and Space Administration, 1978 and Kitazaki and Griffin, 1997). The stiffness
and damping values of the both models were determined by fitting the response of the
models with the ma.ghitude and phase of the apparent mass of the body and the
transmissibility of the body from the seat to several location along the spine (i.e. pelvis,
thoracic 5 and 1, lumbar 1), which was measured earlier by the same authors (Matsumoto
and Griffin, 1998). The models showed good fitting with measured apparent mass, and
generally, showed similar trends with the measured body transmissibility. After the

parameters of the models were obtained, the authors performed modal analyses so as to
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observe the mode that correspond with the resonance of the body (Figure 2.61). Four
vibration modes in the frequency range below 20 Hz were found for both models. The
authors concluded that the principal resonance of the apparent mass of the body during
vertical excitation (which is around 5 Hz) is attributed to a vibration modevconsisting of
vertical motion of the pelvis and legs and pitch motion of the pelvis, both of which cause

vertical motion of the upper-body, bending of the spine and vertical motion of the viscera.

(a) Model 1 (b) Model 2

Figure 2.60: Four degree-of-freedom model (model 1) and five degree-of-freedom model (model 2)
developed to propose the dynamic mechanism of seated body at resonance frequency. Models

developed by Matsumoto and Griffin (2001).

(a) Mode! 1 (b) Model 2

Figure 2.61: Vibration mode shapes corresponding to the principal resonance pf the apparent

mass of both for Model 1 and for Model 2. Taken from Matsumoto and Griffin (2001).

Recent studies have shown that the response of the body in other directions than that the
direction of excitation has a great importance in the biodynamic responses of the seated
person (e.g. Matsumoto and Griffin, 1998 and Nawayseh and Griffin, 2003, 2004 and 2005a
and 2005b). However, models that can predict the responses in other direction than that

the directions of excitation and still limited. Nawayseh (2002) developed a two degree-of-
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freedom model that can predict the vertical and fore-and-aft forces on the seat of a seated
subject during vertical vibration. Although the model was a simple model, the author tried
to suggest the ‘crude’ mechanisms of the body in responses to vertical vibration. The
model consisted of two masses, a linear translational spring and damper and a linear
rotational spring and damper (Figure 2.62). The masses represented the upper legs carried
by the seat (mass 1) and the total mass of the upper body, including the pelvis (mass 2).
The stiffness and damping of the thighs and tissue under the ischial tuberosities were
represented by a translational spring and damper, while the rotational motions of the
upper-body were represented by a rotational spring and damper. While the value of mass 1
was fixed, in which it was obtained from the literature (e.g. National Aeronautics and
Space Administration, 1978), the value of mass 2 was varied so as to observe the effect of
different thigh contact on the seat on the model. The model parameters {except mass 1)
were obtained by optimising the squared error for both the magnitude and phase of the
vertical apparent mass and equivalent ‘cross-axis’ fore-and-aft apparent mass of the
measured data and the predicted data. The model showed good fitting with the magnitude
of both the vertical and ‘cross-axis’ fore-and-aft apparent masses in the frequency range
0.25 to 25 Hz, but only fitted well with the phases up to 8 Hz. The author suggested that
the results may be improved by adding more degrees-of-freedom. In addition, the author
suggested that the resonance frequency of the body (around 5 Hz) could be due to the
vertical deformation of the tissue beneath the pelvis (from &, and ¢;). The pitching motion
of the upper-body (i.e. pitching of mass 2) seemed to make a minor contribution to the
resonance of the vertical apparent mass. The author also suggested that the non-linearity
of the body with vibration magnitude was attributed by the stiffness of the tissue beneath
the pelvis, which corresponded with the &, and ¢; in the model.
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Figure 2.62: Two degree-of-freedom model by Nawayseh (2002) that can predict the responses in

other direction than that the direction of excitation.
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The International Organization for Standardization published an International Standard
for the range of idealised values to characterise seated-body biodynamic response under
vertical vibration, in which a three degree-of-freedom model was defined so as to represent
the seated human body (ISO/FDIS 5982, 2001; Figure 2.63). The models consisted masses,
spring and dampers, which do not correspond to physiological structures within the body.
The model parameters were derived by fitting the predicted response of the model with the
measured mechanical impedance, apparent mass of the body and seat-to-head
transmissibility reported previously. When using the model to predict the seat-to-head
transmissibility, mass m,, however, may be taken to represent the head. The organization
recognised that the feet and back support, sitting posture, excitation amplitude and
subject mass could have significant influence on the biodynamic responses to vertical
vibration, and thus the model was determined under a well-defined and restricted range of
condition. Therefore, the idealised parameters values of the model presented in the
ISO/FDIS 5982 (2001) only valid for seated-person exposed to sinusoidal or broad-band
random vertical vibration with unweighted r.m.s acceleration lower or equals to 5 ms® in
the frequency range 0.5 to 20 Hz while the feet were supported on the vibrating platform
with the back is unsupported, and the individual body masses are within 49 kg to 93 kg.
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Figure 2.63: Three degree-of-freedom model defined by International Standard of Organization,

ISO/FDIS 5982 (2001) to represent the seated human body.
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2.4.2.2 Non-linear models

Hopkins (1971) modelled a non-linear lumped parameter model of the dynamic response of
the human body to low frequency vertical vibration. The author developed two non-linear
models of human body and each model consisted of three masses with two degrees-of-
freedom (Figure 2.64). The three masses represented some of the body parts such as the
‘lower torso’, the ‘visceral’ and the ‘upper torso’. The ‘vertebral column’ was represented
by a linear spring and damper in both models. In the first model, the author considered
the non-linearity geometry of the visceral mass motion to account the non-linearity of the
human response and the characteristic was represented by linear springs, which were not
rigidly attached to the visceral mass (Figure 2.64a). The author found that the model gave
a close fit of the mechanical impedance data obtained in the experimental study reported
earlier by Coerman (1962). In the second model, the author considered the non-linearity
effect of the lungs as the contribution to the non-linear response of the body and modelled
the component by ‘a piston in a cylinder with an orifice’ (Figure 2.64b). The author
concluded that the non-linear response of the body can be accounted from the non-linear

mechanics of the lungs.
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Figure 2.64: Non-linear models of seated person by Hopkins (1971).

A multi-degree-of-freedom lumped-parameter model of seated body incorporating some
non-linear components was developed by Muksian and Nash (1974). The authors claimed
that the model described the anatomical path between the pelvis and head (i.e. spinal
column and viscera), which also include active forces within the body and both non-linear
and passive elements (Figure 2.65). Eight masses were defined in the model to represent

the ‘pelvis and legs’, ‘abdomen’, ‘diaphragm’, ¢ thorax’, ‘torso’, ‘back’ and ‘head’ of a
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seated person. The model, however, was limited to only vertical sinusoidal excitation. The
non-linearity of the body was presented by the non-linear springs and dampers supporting
the ‘torso’, ‘thorax’, ‘diaphragm’ and ‘abdomen, exception to the spring supporting the
‘back’ and ‘head’ which was considered -as linear springs and dampers. The authors
predicted: i) seat-to-head transmissibility, ii) seat-to-back transmissibility, iii) seat-to-torso
transmissibility, iv) seat-to-thorax transmissibility, v) seat-to-diaphragm and vii) seat-to-
abdomen transmissibility and compared with the measurements from literature (e.g.
Goldman and von Gierke, 1960; Coermann et al., 1960 and Pradko et al, 1966). The
response of the model showed agreement with the experimental results, and the authors
concluded that the model can represent the non-linearity response of seated person exposed

to vertical vibration within acceptable tolerances.

r ", Pelvis andlegs -

Figure 2.65: Non-linear models of seated person by Muksian and Nash (1974).

Mansfield (1998) developed a simple form of a quasi-static non-linear lumped parameter
model of the apparent mass of a seated person which consisted only two masses with one
degree-of-freedom (Figure 2.66). Unlike some of the previous studies mentioned earlier (e.g.
Hopkins, 1971 and Muksian and Nash, 1974), the mass in the model did not intend to
represent any body parts of the human body. In addition, the model of Mansfield (1998)
was intended to predict the apparent mass of the body exposed to vertical vibration at six
different vibration magnitudes (0.25, 0.5, 1.0, 1.5, 2.0 and 2.5 ms?® r.m.s.) so as to include
the non-linear response the body with increasing vibration magnitude. The model
parameters were derived fitting the model response with experimental data obtained by the

author earlier (Mansfield, 1994). By adding the non-linear component in the stiffness and
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damping values, the model predicted better approximations of the apparent mass of seated
person at all six vibration magnitudes than that the linear model can predict. The author
concluded that models with non-linear masses and non-linear stiffness showed better

results than that the models with non-linear damping.
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Figure 2.66: The predicted apparent mass of the seated person using one degree-of-freedom of

non-linear. Data taken from Mansfield (1998).

2.4.3 Lumped parameter modelling in the horizontal

vibrations (fore-and-aft and lateral)

Recent studies have shown that the apparent mass on the body on the seat showed
evidence of three resonances: around 1 Hz, 3 Hz and between 4 and 7 Hz when exposed to
fore-and-aft vibration (e.g. Fairley and Griffin, 1990; Mansfield and Lundstrém, 1999 and
Nawayseh and Griffin, 2003). The lateral apparent mass of the body also showed evidence
of two peaks (e.g. Fairley and Griffin, 1990 and Holmlund and Lundstrém, 1998).

However, models representing biodynamic responses in the horizontal directions is limited.

Based on previous findings that the body showed three resonances when exposed to either
fore-and-aft or lateral vibration, Mansfield and Lundstrém (1999b) developed several
lumped parameter models, in which each model consisted three degree-of-freedom to allow
for the resonance frequencies to be depicted by the models. Each model consisted of three

one-degree-of-freedom mass-spring-damper systems arranged either in parallel, or in series,
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or in combination of both (Figure 2.67). The models did not represent any part of the
body, but rather arbitrary chosen to fit with the measured data. The parameters for each
model were derived by comparing the models responses with the synthesised responses
(target responses). The synthesised target responses were obtained by combining the
measured responses of the apparent mass of the body in either fore-and-aft or lateral
directions at two magnitudes of vibration (0.5 and 1.0 ms® r.m.s.) reported by Fairley and
Griffin  (1990) and Mansfield and Lundstrém (1999a). The authors found that these
models provided good agreements in the magnitude of the apparent masses between the
prediction and the target response in the frequency below 10 Hz. The predicted phases
only showed good fit with the target response at frequencies less than 4 Hz. The three
one-degree-of-freedom mass-spring-damper systems arranged in parallel, with a rigid mass
in contact at the driving point was found to produce the best prediction. The authors
suggested that the ‘softening’ effect (i.e. resonance frequency reduced with increasing
vibration magnitude) was also observed with some manipulations of the stiffness of the

spring of the models.
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Figure 2.67: Six three degree-of-freedom models by Mansfield and Lundstrom (1999b).

2.4.4 Conclusions

The biodynamic responses of the body can be represented by means of mathematical
models, which can be derived from the experimental measurements. Previous researchers
have developed two types of biodynamic models: i) ‘quantitative model, in which the
model described the relation between the input and output, and ii) the ‘mechanistic’
model, in which some of the ‘crude’ mechanisms of the body involved in response to

vibration are described.
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The vertical impedance of the body exposed to vertical excitation can be, in the simplest
form, presented by a one degree-of-freedom lumped parameter model (i.e. mass-spring-
damper system). The parameters of the model can be achieved by compa,rinlg,r the response
of the model with the measurements data. Some of the application of using lumped
parameter models are i) to calculate the Dynamic Response Index (DRI), or ii) to calculate
seat-to-head transmissibility, or iii) for seat testing. Only one study reported few multi-
degree-of-freedom models that can predict the apparent mass of the body with no backrest

in fore-and-aft and lateral direction.

Few researchers have shown that it is possible to improve the predicted response of the
one-degree-of-freedom model by including more degree-of-freedom, but it comes with more

complexity to derive the mathematical equation.

All the models that have been developed (either single or multi degree-of-freedom) were
limited to specific vibration magnitude, and in a specific frequency range. However, there
were few models have been developed to cope with the non-linearity of the body during

vibrations, such as inclusions of non-linear spring and damping characteristics.

2.5 Measuring seat transmissibility without subjects

2.5.1 Introduction

Previously, the vibrations transmitted to the seated person through seats were measured
with human subjects. Consequently, it needs careful consideration, for example the safety
and ethical issues regarding exposing human subjects to vibration. In addition, when using
human subjects as the main testing object, it is prone to some limitations, whether the

subjects are ‘safe’ to the exposed stimuli.

This limitation can be overcome by substituting the human subject with alternative
analogue, such as rigid masses or a sandbag. With more experiments being carried,
generating more data on the impedance of the body and transmissibility of seats, a
standardised method for predicting the seat transmissibility from mathematical models of
seat-seated person system. This section will show some of the studies that have been

performed on vehicle seat testing using masses and dummies.
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2.5.2 Testing seat with rigid mass

Matthews (1966) tested two tractor seats using rigid masses to calculate and compare the
seat transmissibility measured with the human subjects. The two tractors seats were: i)
rigid seat-pan with foam cushion (seat A) and ii) suspension seat with rubber suspension
(seat D). The author used a dead weight equivalent with 75% of the total body weight of
the tractor operator. The percentage was obtained from the approximation proportion of
an operator’s weight taken by a seat in a static condition. The results showed that with
seat A, the seat transmissibility with rigid masses tended to be higher than with the
subject occupant at low frequencies (less than 3 Hz), but subsequently, the transmissibility
was reduced significantly (Figure 2.68). With the suspension seat, the seat transmissibility
showed similar trend when loaded with either the masses or occupied with human subject.
Despite showing similar trend, the transmissibility with rigid masses tended to have a
higher magnitude between 1 and 5.5 Hz, and higher transmissibility at resonance than that
occupied with human subject. Similar findings of overshooting the transmissibility at
resonance when using a rigid mass on suspension seat was also observed Ashley (1976) and
Toward (2000). Toward (2000) also found the when a foam cushion car seat was loaded
with rigid masses (approximately 53.2 kg, which approximately 75 % of the means weight
of subjects of 68.7 kg), the resonance of the seat transmissibility occurred at higher
frequency, and with much greater amplification, than that with the subjects. The rigid
masses showed resonance around 7 Hz, while with human subjects, the resonance frequency
of the seat transmissibility showed resonance around 4 Hz. The transmissibility at

resonance was approximately doubled with the masses than with the subjects.
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Figure 2.68: Transmissibilities of suspension seat and foam cushion seat with rigid masses (1) and

human subject (2). Data taken from Matthews (1966).
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Wu and Griffin (1996) used a sandbag of 56 kg (i.e. 75% of the mass of a 75 kg human
subject participated in the study) as the load on a suspension seat to simulate the weight
of a sitting subject when measuring the transmissibility of a suspension seat. The
transmissibility of the suspension seat with the sand-bag is shown in Figure 2.69. The
authors then compared the results obtained with the sandbag with that with the human
subject data and found that resonance frequency of the transmissibilities of the suspension
alone and of the whole-seat are the same with a human subject or a bag of sand. However,
the transmissibilities with the sand bag were much higher than the human subject. The
authors suggested that with the use of sand bag was sufficient to measure the resonance

frequency of a suspension seat, but not to measure the transmissibility of the seat.
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Figure 2.69: Transmissibilities of (a) the seat cushion, (b), the suspension (b) and (c) the whole
seat (suspension and seat cushion) at five vibration magnitude with a 56 kg mass (sandbag). Five
magnitudes of vibration input: 1 (0.35 ms® r.m.s.); 2 (0.70 ms® r.m.s.); 3 (1.05 ms? r.m.s.); 4

(1.40 ms?r.m.s.) and 5 (1.75 ms? r.m.s.). Data taken from Wu and Griffin (1996).

2.5.3 Testing seat with antropodynamic dummy

Matthews (1967) used an antropodynamic dummy for testing suspension seats. The
antropodynamic dummy was analogous to the seated human body, and had similar

dynamic impedance of the human subjects. The base of the dummy simulated the
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buttocks shaped and size so as to give the similar contact with the seat cushion as human
subjects. The principal of the impedance simulation of the dummy was based on the work
reported by Coermann (1959), which suggested that the seated body can be presented by a
. single degree-of-freedom system with a 5 Hz of natural frequency and with relatively high
damping. The simulation of the dummy was fairly accurate in the frequency range 0.5 to
10 Hz. The authors found that the dummy fitted well the resonance frequency of the seat
transmissibility (around 2 Hz) and gave fairly good results of the transmissibility of a
suspension seat across the frequency range compared to that with human subjects when
the friction in the suspension was low. However, when greater friction in the suspension
was present, the dummy tended to increase the transmissibility at frequencies higher than

the resonance frequency.

Mansfield and Griffin (1996) used a passive anthropodynamic dummy to measure the
dynamic characteristics of a car seat traveling over six different road surfaces (Figure
2.70). As described by the authors, the antropodynamic dummy ‘consisted of a pair of steel
precision shafts on which a 46 kg mass could move vertically. A single 739 Ns/m low
friction damper was fitted between the mass an aluminium shaft at the top of the dummy.
Compression springs were fitted between each of the four corners of the moving mass and
an aluminium base plate. The combined stiffnesses were 50176 N/m. The mass included a
pair of steel plates which ran on ball bushings vertically constrained by the shafts.
Between these were a central set of steel masses which made up the complete moving mass
of the dummy. The dynamic response of the dummy was based on the single degree-of-
freedom model of the body deve]oped from measurements of the vertical apparent mass of
human subjects (Fairley and Griffin, 1989). A SIT-BAR (Whittham and Griffin, 1977) was
fitted to the base and back of the dummy to provide indentors for the seat on which the
dummy was placed. The rigid mass of the frame was 6 kg. The static friction measured for
the movement of the assembled dummy was 14.2 N’. The authors measured the
transmissibilities of the seat cushion in vertical, fore-and-aft and lateral direction, and the
cross-axis’ fore-and-aft backrest transmissibility (by comparing fore-and-aft vibration
measured at the backrest with the vertical acceleration measured at the seat base) with
twelve subjects. The six traveling roads consisted of 1) a motorway, ii} two minor country
roads, iii) two major urban roads and iv) a minor urban road. The results of
transmissibilities of the seat using the dummy and human subjects are shown in Figure
2.71. The wvertical seat transmissibilities showed similar results with both the human
subjects and the dummy, both showed resonance around 4 Hz. However, differences in the
transmissibilities were obvious at frequencies higher than 15 Hz. Similarly, the dummy
showed similar results with the subjects in the fore-and-aft seat transmissibilities, with
both showed resonances around 2 and 4 Hz, and the trend was similar at frequencies below

10 Hz. While the lateral seat transmissibilities with the subjects were near unity, the
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dummy showed two resonances around 4 Hz and 15 Hz, and the dummy did not show
similar trend with the subjects. The ‘cross-axis’ fore-and-aft backrest transmissibilities of
both measured using dummy and the human subjects showed good similarity: both the
dummy and the subjects showed resonances around 2 Hz and 4 Hz, and the trend was
generally good at frequencies less than 10 Hz. The authors suggested the dummy can be
used to replace subjects for measuring seat dynamics and gave representatives measures of

the vertical dynamics response of the seat at resonance.

Figure 2.70: Seat testing using passive antropodynamic dummy (Mansfield and Griffin, 1996).
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Figure 2.71: Transmissibility of a car seat measured on six roads. Median and inter-quartile for

12 subjects (solid line) and anthropodynamic dummy test (dashed line). Data taken from
Mansfield and Griffin (1996).
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The passive anthropodynamic dummy studies mentioned above are limited to low
excitation magnitudes by the non-linear phenomena, such as friction in the mechanical
components that provide damping. Some researchers have tried to overcome this limitation
by developing an active dummy. Lewis and Griffin (2002) designed an active vibration
dummy to simulate the dynamic behaviour of sitting man expressed in terms of apparent
mass, which employed an active control system. The active control system consisted an
electrodynamic actuator that can generate damping forces, and is controlled by the
feedback from the acceleration and force transducers, which allow the dummy to comply
with the adjustment of parameters, and adapted to different prescribed vibration
characteristics (Figure 2.72). By comparing the seat transmissibility measurements
obtained with nine subjects and with that of the active dummy, the transmissibilities
measured using the dummy showed high correlations with the median measurements from

the nine human subjects.
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Figure 2.72: Schematic diagram of the active control used in an antropodynamic dummy (Lewis

and Griffin, 2002).
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2.5.4 Methods of predicting seat transmissibility

One method of predicting transmissibility of seats without using human subjects is to
replace the human body with either rigid masses, or sand bags or anthropodynamic
dummies. However, all these alternatives had difficulties, for example dead masses tended
to over-shoot the response near resonance, and it is difficult to maintain the calibration of
a dummy. An alternative method of predicting seat transmissibility is to use mathematical

models representing seat-seated person system. This method is based on separate
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measurements of the impedance of the seat and the impedance of the human body, which
was shown to give useful predictions (Fairley and Griffin, 1986). In that study, the seated
human model was derived from the measured apparent mass of seated subjects with no
backrest, as part of their study. The cushion dynamic characteristics were obtained from
an indenter test. In the indenter test, the seat cushion (which was supported on a vibrator
plate) was forced with an indenter, with a shaped and contoured like a SIT-BAR
(Whitham and Griffin, 1977). The forces on the indenter and the accelerations at the seat
base were measured with different pre-loads (300 N to 900 N), and consequently the
dynamic characteristics (stiffness and damping) of the seat cushion were calculated (the
equivalent dynamic stiffness and damping were obtained from the real and imaginary part
of the dynamic stiffness frequency function). The transmissibility of a seat with eight
subjects and eight seats with one subject were compared with that obtained from the
prediction method. The authors showed that the model predicted well the transmissibilities
of the seats (with no contact with the backrest), but the predictions tended to show higher
transmissibilities at resonance. When the back was in contact with the backrest, although
the trend of the transmissibilities was similar with both the prediction model and the
human subject, the predicted transmissibilities tended to increase the transmissibility at
frequencies higher than 5 Hz (Figure 2.73). The authors suggested that this was possibly
due to the effect of the contact with the backrest.

Wei and Griffin (1997) further investigated the indenter test method (i.e. for determining
the dynamic characteristics of the foam/seat cushion), in which they studied the effect of
contact area of the indenter, vibration magnitude and static force on the dynamic stiffness
of foam cushion. In this study, the authors found that the dynamic stiffness and damping
of the foam cushion increased with increasing pre-load from 300 N to 700 N. The vibration
magnitude, however, had little influence on the stiffness or the damping of the foam. The
effect of the contact area on the dynamic stiffness of the foam did not show a consistent
trend, although the authors suggested that it is possible to select the reasonable shape of
the indenter for predicting the seat transmissibility. The shape of the indenter that had
been investigated were i) SIT-BAR (similar to Whitham and Griffin, 1977), ii) three metal
discs with different diameters (150 mm, 200 mm and 250 mm) and iii) a similar shape to

buttock shape, moulded from a HYBRID III Exterior (General Motor, 1978).
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Figure 2.73: Comparison of measured (solid line) and predicted (dotted line) transmissibilities

from eight different seats with one subject. Data from Fairley (1986).

The authors later employed the method of predicting seat transmissibility, which was
proposed by Fairley and Griffin (1986) to predict thé foam and seat transmissibility in the
vertical direction (Wel and Griffin, 1998¢c). In that study, the authors used two lumped
parameter seated person models, which they developed earlier (Wei and Griffin, 1998b)
and combined them with the cushion model, obtained from the indenter test. The
combined seat-seated person models are shown in Figures 2.74 to 2.75, one consisting of
one degree-of-freedom model of human body (Figure 2.74), the other used two degree-of-
freedom model of human body (Figure 2.75). The models parameters were obtained by
fitting the models response with apparent mass of sixty subjects, measured by Fairley and
Griffin (1986).
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Figure 2.74: Seat-seated person lumped parameter model consisting of one degree-of-freedom

model of human body to predict transmissibility of seats in the vertical direction. Data taken

from Wei and Griffin (1998c).
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Figure 2.75: Seat-seated person lumped parameter model consisting of two degree-of-freedom

model of human body to predict transmissibility of seats in the vertical direction. Data taken
from Wei and Griffin (1998c).

Wei and Griffin (1998c¢) later compared the predicted transmissibilities of foam and seat
cushion with the measured transmissibilities using eight subjects. The results showed that
the model incorporating the single-degree-of-freedom seated human model was able to
depict the first resonance frequency (around 4 Hz) of seat transmissibility, but failed to
predict the second resonance around 7 Hz, which was apparent for most subjects (Figure
2.76). The model, however, only fitted well the phases with the measured response up to
the frequencies of the first resonance frequency. When using two-degree-of-freedom seated
human model, the predicted transmissibility was improved in which the model was able to
predict both resonance frequencies of the transmissibility of the seats (Figure 2.77). The
latter model also improved the predicted phase response. The authors concluded that,
although the single-degree-of-freedom model can adequately predict the transmissibility of
seat in the vertical direction at low frequencies and can be used to predict the principal

resonance of the seat transmissibility (around 5 Hz), the two degree-of-freedom showed
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better predictions. The latter model can predict the second resonance of the seat
transmissibility, and, may give useful prediction of the seat transmissibility at frequencies
up to 25 Hz. Nevertheless, these models are limited to subjects exposed to vertical

vibration and seated with no contact with the backrest.

Transmissibility
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Figure 2.76: Comparison of measured (dashed) and predicted (solid) transmissibility and phase of
seat cushion using single-degree-of-freedom model for eight subjects. Data taken from Wei and

Griffin (1998c).
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Figure 2.77: Comparison of measured (dashed) and predicted (solid) transmissibility and phase of
seat cushion using two-degree-of-freedom model for eight subjects. Data taken from Wei and

Griffin (1998c).

2.5.5 Conclusions

The transmissibility of seats can be predicted by using either rigid masses, or sand-bags
loaded on the seat so as to produce similar loading on the seat cushion when seated with
human subjects. While both can be used to predict the resonance frequency of the seat,

neither would produce similar transmissibility as human subjects. Using anthropodynamic
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dummy can give useful results. The dummy had similar impedance response with seated

subjects.

Alternatively, the transmissibility of a seat can be predicted from the impedance of the
body and the impedance of the seat from separate measurements. A seated human model
can be developed from the impedance measurements of the body, while the dynamic
stiffness of the seat cushion can be obtained from indenter test. Subsequently, the human
and seat cushion model can be combined to give seat-seated person model. This method

can give useful prediction of seat transmissibilities up to frequencies of 25 Hz.

2.6 General conclusions

Biodynamic responses of the body to vibrations can be represented by frequency responses
functions. While the mechanical impedance represents the response of the driving-point
force with the resulting movements (acceleration, velocity or displacement), the
transmissibility method represent the vibration transmitted though a system (either the

seat or body).

When exposed to vertical whole-body vibration, the body shows principal resonance
around 5 Hz. This resonance of the body has been associated with the pitching movement
of the pelvis and the upper-body, combined with the bending mode of the spine. A second
and third resonance frequency of the body has also been reported around 10 Hz and 50 Hz.
The body also showed several resonances when exposed to horizontal vibrations. During
fore-and-aft excitation, the body showed three peaks: around 1 Hz, between 1 and 3 Hz
and between 3 and 5 Hz while resonances around 0.7 Hz and 2 Hz were observed during

lateral excitation.

The apparent mass of the body was found to be greatly affected when a vertical backrest
was used. During vertical excitation, the backrest tended to transmit more vibration to the
body at higher frequencies: the apparent mass of the body was increased at frequencies
higher than 5 Hz when the vertical backrest was used. With a vertical backrest, the body
only showed one principal resonance around 3 Hz on the seat during fore-and-aft vibration
and around 1.5 Hz during the lateral excitation. During fore-and-aft excitation, the back

showed resonances around 2 Hz, 3 to 5 Hz and a broad peak in the frequency range 4 to 7

Hz.

Exposure of seated persons to either vertical or fore-and-aft vibration give rise to responses
in the directions other than the direction of excitation, also known as ‘cross-axis’ responses.
The ‘cross-axis’ fore-and-aft apparent mass of the body during vertical vibration showed

principal resonance around 5 Hz, while when the body is exposed to fore-and-aft excitation,
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the body shows resonances around 1 Hz, 3 Hz and between 4 and 7 Hz in the ‘cross-axis’
vertical direction. In both vibration excitations, the responses in the ‘cross-axis’ lateral

direction shows small effect.

The body is non-linear when expésed to different vibration magnitudes. During either
vertical or fore-and-aft excitation, the resonance frequency of the body in the direction of
excitation tends to decrease with increasing vibration magnitude, suggesting a ‘softening’
effect. The ‘cross-axis’ responses are also non-linear with vibration magnitude during either
excitation, but the extent is less visible in the ‘cross-axis’ lateral direction. The effect of
stiffening the body posture resembles the reverse effect of vibration magnitude on the
body: the resonance frequency of the body increased with stiffer sitting posture (i.e. from
‘slouched’ to ‘erect’) during vertical excitation. Various factors have been found to affect
the vertical apparent mass of the body during vertical excitation. Variation in footrest
height and backrest inclination showed more effect on the biodynamic responses of the
body during vertical excitation than common changes in the seat pan inclination. However,

equivalent study in the horizontal direction is still limited.

The biodynamic responses of the body to vibration can be represented using lumped
parameter models, consisting from one degree-of-freedom, up to several degrees-of-freedom.
The parameters of the model can be obtained by comparing the model response with the
experimental data. However, most of the models are restricted to specific vibration
conditions. Non-linear models have been developed to cope with the non-linearity of the
body in response to vibration. A single degree-of-freedom with non-linear spring and
damping characteristics can adequately represent the apparent mass of the body with
different vibration. A mechanistic model has been developed to depict the ‘crude’
mechanism of movement of the body at the resonance frequency. The modal analysis
showed that a vibration mode consisting of vertical motion of the pelvis and leg and pitch
motion of the pelvis, both of which cause vertical motion of the upper-body, bending of the
spine and vertical motion of the viscera contribute to the movement of the body at

resonance frequency.

When subjects are seated on compliant seats, the vibration transmitted through the seat to
the body can be measured using accelerometers positioned at the floor and at the seat-
person interface. Subsequently, the transmissibility analysis can be calculated (i.e. transfer

function between the input acceleration and the output acceleration).

The transmissibility of conventional seat has been found to show a resonance in the range
of 3 to 5 Hz, in which the frequency is reduced to 1 to 2 Hz when a suspension mechanism
was placed beneath the seat cushion. With few studies, fore-and-aft seat transmissibility

showed resonances at 1 to 2 Hz, 4 to 5 Hz, 28 Hz and 48 Hz, while the fore-and-aft
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backrest transmissibility exhibited resonances at 4 Hz, 28 Hz and 48 Hz. The vertical,
pitch and roll vibration make a significant to the fore-and-aft vibration at the backrest
besides the fore-and-aft vibration at the backrest. In the lateral direction, the seat

transmissibility showed resonance at about 1 to 2 Hz with magnitude near unity.

An effect of vibration magnitude on seat transmissibility with either vertical or fore-and-
aft vibration is apparent: the resonance frequency tends to decrease with increasing
vibration magnitude. The non-linearity found in the seat transmissibility is in part, or
totally, influenced by the non-linearity of the body at different vibration magnitudes since
a study showed that vibration magnitude had little influence on the stiffness and damping
of seat cushion. Changes in the upper body posture were found to have more influence on
the transmissibility of seats that variation in lower body posture. Variations in the footrest
height and backrest inclination tended to have more influence on the seat transmissibility,
in particular at frequencies higher than the resonance frequency than other factors such as
the subjects’ characteristics (e.g. age and sex), seat-pan inclination and foam cushion
physical properties (e.g. density, composition and foam pad construction). Equivalent

study in the fore-and-aft direction is still limited.

The transmissibility of seats can be predicted by using either rigid masses, or sand-bags
loaded on the seat so as to produce similar loading on the seat cushion when seated with
human subjects. Although either rigid masses or sand-bags could predict the resonance
frequency of seats, but neither would produce similar trend of the transmissibility with the
human subjects. Using an anthropodynamic dummy, which had similar impedance
response with seated subjects, could give useful results and predict similar trend of the
transmissibility of seats with that measured with human subjects. Alternatively, the
transmissibility of seat can be predicted from mathematical models of seat-seated person
system. The models can be derived from the impedance of the body and the impedance of
the seat in separate measurements. While the dynamic stiffness of the seat cushion can be
obtained from indenter test, the models of seated person could be derived from the
measurements data with human subjects. Subsequently, the human and seat cushion model
can be combined to give seat-seated person model, this method can give useful prediction

of seat transmissibilities up to frequencies of 25 Hz.

2.7 Motivation of research

The literature review reveals that the knowledge of the biodynamic responses of seated
human body and seating dynamics (vibration transmitted to the body through seats) is
very limited. Only one study reported on the fore-and-aft apparent mass of the back

during exposure to whole-body fore-and-aft vibration (see Section 2.2.4) and one study



Chapter 2: Literature review 97

reported on the fore-and-aft backrest transmissibility during fore-and-aft excitation (see
Section 2.3.6). In contrast, there have been many studies conducted to study the apparent
mass of the body (see Section 2.2.2) and the seat transmissibility (see Section 2.3.4) during
vertical excitation. Therefore, the principal motivation of this research is to expand the -
knowledge (as well as reporting the measurement data) on both the apparent mass of the

back and the backrest transmissibility during exposure to fore-and-aft vibration.

Previous studies have shown that during vertical excitation, the principal area of the
interface between the seat and the body for the seat transmissibility measurement is
beneath the ischial tuberosities (see Section 2.3.3). For backrest transmissibility, it is
hypothesised that the interface between the back and the backrest is more complex than
one principal area. No known studies have investigated the variation of the vibration
transmitted through the backrest. Therefore, one of the motivations of this research is to
investigate the variation of the transmissibility across the height of the backrest from the
seat surface (reported in Chapter 4). As the backrest transmissibility greatly depends on
the apparent mass of the back, it would also be interesting to investigate the variation of

the apparent mass of the back (reported in Chapter 6).

Previous studies also shown that there are many factors that can influence the apparent
mass of the body (see Section 2.2.3) and the seat transmissibility (see Section 2.3.5) during
whole-body vertical excitation. One of the distinct findings is that both the body and seat
transmissibility is non-linear with vibration magnitude (see Sections 2.2.3.4 and 2.3.5.6).
However, only Nawayseh and Griffin (2005a) have investigated the non-linearity of the
body with vibration magnitude during whole-body fore-and-aft excitation and Qiu and
Griffin (2003) investigating the similar effect of vibration magnitude on the backrest
transmissibility. But, both studies only investigated the effect of the vibration magnitude
at the middle part of the interface between the back and the backrest. This research aims
to further investigate the non-linearity of the body and the backrest transmissibility with

vertical location on the backrest.

As there is only little study investigating the factors that can affect the fore-and-aft
apparent mass of the back (see Section 2.2.5) and the fore-and-aft backrest transmissibility
(see Section 2.3.7), this research also aims to expand the knowledge. The factors that are
commonly experienced by seated subject in vehicles, such as varying backrest inclination
and seat-pan inclination on both the apparent mass of the back and fore-and-aft backrest

transmissibility would be studied (which are reported in Chapter 5 and Chapter 7).

The loading on the backrest is hypothesised to have an important influence on the
backrest transmissibility, based on the analogy of that the seat transmissibility depends on

the loading on the seat cushion and the impedance of the occupant (Griffin, 1990). A study
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investigating the effect of push force on the feet (which subsequently increases the load on
the backrest) on both the apparent mass of the back and the backrest transmissibility
would be sﬁudied. In addition, previous study also showed that varying the leg posture
(from variation in footrest) can affect both the vertical apparent mass of the body (see
Section 2.2.3.2) and the vertical seat transmissibility (see Section 2.3.5.2). Hence, similar
factors would be investigated in this research on both the apparent mass of the back and

the backrest transmissibility.

Previous study also showed that vertical seat transmissibility could be measured without
using human subjects (see Section 2.5). Fairley and Griffin (1986) showed that it is also
possible to predict the transmissibility of seat during vertical vibration by using a seat-
person mathematical model. This model comprises 2 human body model and a seat cushion
model. Wei and Griffin (1998c) developed further the idea of predicting the seat
transmissibility based on the impedance of the body and the impedance of the seat cushion
which they proposed a standardised method of predicting vertical seat transmissibility. In
both studies, the human body was represented with a simple linear lumped parameter
model that can adequately estimate the apparent mass of the body without showing the
mechanism of the biodynamic responses involved. Wei and Griffin (1998c) showed that a
simple linear lumped parameter model representing a seated human body can be used to
predict the vertical seat transmissibility when combined with a seat cushion model, which
was represented by a simple model consisting only of a spring and a damper. As part of
the objective of this research is to predict the backrest transmissibility from the apparent
mass of the back and the impedance of the backrest cushion, the idea of Fairley and
Griffin (1986) and Wei and Griffin (1998b and 1998c) would be applied in this research. A
seat-person model is developed in this research based on the apparent mass of the back
and the impedance of the backrest cushion. The prediction of the backrest transmissibility
using the seat-person model is then compared with the backrest transmissibility, measured

with human subjects so as to observe the accuracy of the prediction.



Chapter 3
Experimental apparatus and data

analysis

3.1 Introduction

The core data of this research were obtained from five experiments, involving human
subjects exposed to vibration so as to study the human responses during whole-body fore-
and-aft vibration. All experiments were conducted in the laboratory of the Human
Response Research Unit (HFRU), Institute of Sound and Vibration Research (ISVR),
University of Southampton and using appropriate apparatus. This chapter describes briefly
the apparatus used in all of the experiments and the analysis methods applied to the
experimental data. Some of the statistical analyses used to support the results are also

mentioned.

3.2 Apparatus

3.2.1 Vibrators

3.2.1.1 FElectro-hydraulic vibrator

All the experiments involving human subjects were carried out using an electro-hydraulic
vibrator, capable of producing 1 metre peak-to-peak displacement of suitable stimuli to
humans (Figure 3.1). The vibrator consisted of a servo-hydraulic actuator, a vibration
platform, electronic control equipment and hydraulic power supply. The seats and footrests

in all experiments were mounted on the vibrator platform (an aluminium plate) with the
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dimensions 1.5 by 1 by 0.22 m attached to the upper carriage frame, which in turn is
driven by a servo-hydraulic actuator. The performance of the vibrator is in accordance
with BS 7085 (1989): British Standard Guide to Safety aspects of experiments in which
people are exposed to mechanical vibration and shock. The manual for the vibrator
(Human Factors Research Unit 1-metre stroke hydraulic vibrator safety manual, HFRU
03/63) is available for further information, which incorporates the user protocol, general

description of the vibrator and the safety aspects.

Figure 3.1: 1-metre peak-to-peak horizontal hydraulic vibrator.

o2 .2 Electro-magnetic vibrator

An electro-magnetic vibrator, Derritron VP 85 — 6LA (Figure 3.2) was used in the
dynamic stiffness testing of the backrest and foam block. The vibrator was powered by a
1000 W Derritron amplifier and was capable of producing a maximum peak-to-peak
displacement of 25.4 mm and a maximum force of 3.3 kN in the frequency range 1.5 to 5
kHz. The vibrator was used to produce vertical vibration in indenter test of the backrest

cushion with the horizontal backrest cushion.
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Figure 3.2: Electro-magnetic vibrator, VP 180 6L A, used in the dynamic stiffness tests.

3.2.2 Transducers

3.2.2.1 Accelerometers

In most the experiments, the input motion to the subjects was measured and monitored
using a piezo-resistive accelerometer, i.e. an Entran EGCS-Y 24-10-D (Figure 3.3). The

accelerometer had a sensitivity of approximately 13 mV/g with an operating range of = 10

£z

Figure 3.3: An Entran EGCS-Y 24-10-D. (a) top view of the accelerometer; (b) attachment of the
accelerometer with a wooden plate of 50 mm diameter and 2 mm thickness used in some of the

experiments (also known as ‘mini SIT-pad’).
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Measurements of accelerations at the back-backrest interface at several vertical heights on
the backrest from the seat surface were measured by using either EGCS-Y 24-10-D (Figure
3.3) or miniature piezo-resistive accelerometers, such as Entran EGAX-F-5 (Figure 3.4) or
EGA-125F*-10-D (Figure 3.5). The Entran EGAX-F-5 had a sensitivity of approximately 5
mV /g with an operating range + 6g while the Entran EGA-125F*-10-D had a sensitivity of
approximately 8 mV /g with an operating range of £ 10g. Each of the accelerometer was
attached to circular wooden plates, and is referred as ‘mini SIT-pad’ (see Figure 3.3(b) to

Figure 3.5(b)).

Figure 3.4: An Entran EGAX-F-5 accelerometer. (a) Top view of the accelerometer; (b)

attachment of the accelerometer with a wooden plate of 50 mm diameter and 2 mm thickness

used in part of the experiment.

(a) (b)

Figure 3.5: An Entran EGA-125F*-10-D accelerometer. (a) Top view of the accelerometer; (b)

attachment of the accelerometer with a wooden plate of 50 mm diameter and 2 mm thickness

used in part of the experiment.
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In a study, which investigated the effect of foam thickness and vibration magnitude on the
fore-and-aft backrest transmissibility during fore-and-aft vibration, the acceleration at the
back-backrest interface was measured using an SAE-pad (Figure 3.6), containing an
Entran EGCS-Y-240D-10 accelerometer, which had a sensitivity of 13 mV/g with an
operating range of + 10 g. The SAE-pad follows the specification in the ISO 10326-1
(1992).

Figure 3.6: The SAE-pad, conforming the ISO 10326-1 (1992).

Figure 3.7 shows all the accelerometers used in this study. The main advantage of the
‘mini SIT-pads’ (all three from right) compared to the SAE-pad is that they were
sufficiently small to allow several ‘mini SIT-pads’ to be placed at different locations on the

backrest and measure transmissibilities at different locations at the same time.

Figure 3.7: Accelerometers used in all of the transmissibility studies. (Left: SAE-pad; all three
from right: ‘mini SIT-pads’.

All the accelerometers were calibrated prior each experiment and checked before and after
each test with subject. A d.c. calibration procedure was used, such that each accelerometer
gave zero reading when it was attached to a vertical surface and + 1 g when it was placed

on a horizontal surface and -~ 1 g when it was inverted. Ideally, with calibrated



Chapter 8: Ezperimental apparatus and data analysis 104

accelerometers, the transmissibility of a rigid backrest will give a unity value. An example

of a transmissibility of a rigid backrest with calibrated accelerometers is shown Figure 3.8.
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Figure 3.8: Transmissibility and phase angle of a rigid backrest between two calibrated

accelerometers with 0.4 ms? r.mas.

3.2.2.2 Force transducers

The force at the back-backrest interface was measured with a force platform, either Kistler
9281 B (Figure 3.9 (a)) or Kistler 9421 A1l (Figure 3.9 (b)). Both of the force platforms
consisted of four quartz piezo-electric forces transducers mounted at the corners of a
rectangular welded steel frame. The former is capable of measuring forces in the =, ¥ and
2 directions, while the later in only capable of measuring force in the direction normal to
its surface. An aluminium alloy plate was bolted on each of the force platform (0.6 by 0.4
by 0.02 on the Kistler 9281 B and 0.6 by 0.4 by 0.047 m on the Kistler 9421 A11). All the
force transducers had closely matched sensitivity and the signals from each of the force
transducers were summed and conditioned to give the total output using Kistler 5007

charge amplifier.



Chapter 3: Ezperimental apparatus and data analysis 105

Figure 3.9: Force platforms. (a) Kistler 9281 B; (b) Kistler 9421 All.

The total force of the back measured during fore-and-aft excitation was influenced by the
mass of the top plate of force platform (i.e. the aluminium plate). When using either force
platform, the effect of the mass of the plate (approximately 15 kg for Kistler 9281 B and
22.5 kg for Kistler 9421 A11) was subtracted from the measured forces with subjects in the
time-domain analysis so as to obtain solely the force acting on the subjects. This is also

known as ‘mass cancellation’ (see Section 3.4.2.1)

The force platforms were calibrated statically and dynamically. Figure 3.10 shows an
example of the static calibration of the force performed on the Kistler 9281 B. In this
process, four masses with approximately 5 kg for each mass were loaded and unloaded on

the force platform for 100 s and the output forces were recorded.

: . ) L
0 20 a0 60 80 100
Time {s]

Figure 3.10: Statically calibrated force platform (Kistler 9281 B) using four masses with

approximately 5 kg for each mass.
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When the static calibration of the force platform has been performed, the calibrated force
platform was checked dynamically. In this method, the force platform was attached to a
rigid vertical backrest and the system was exposed to fore-and-aft vibration with a
vibration magnitude of 0.4 ms? r.m.s. in the frequency range 0.25 to 10 Hz. Ideally, with a
calibrated force platform, the apparent mass of the force platform should read 15 kg -

which is the mass of the aluminum plate supported ‘above’ the force cells (Figure 3.11).

20 T — —T T

15F E

10 E

Apparent mass [kg]

Phase [rad]
(=]

i ]

2 1 1 ' t
2 4 6 8 10

Frequency [Hz]

Figure 3.11: An example of measured apparent mass and phase of the force platform, giving an
approximately of 15 kg in the frequency range 0.25 to 10 Hz, indicating the mass of the

aluminum plate (i.e. 15 kg) supported ‘above’ the force cells.

3.3 Data acquisition

3.3.1 HVLab Data Acquisition and Analysis System (version

3.81)

The input Gaussian random vibration signal in each experiment was generated using an
HVLab Data Acquisition and Analysis system (version 3.81), which was developed at the

Human Factors Research Unit. This system can acquire and analyse up to 16 channels of
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time-varying analogue signals, which used an Advantech PCL-818 data acquisition card
and Techfilter TF-16 anti-aliasing card. Figure 3.12 illustrates a schematic diagram of the
experimental set-up used to generate the stimuli and to acquire the signals. All the input
signals were low-pass filtered after which they were fed through the oscilloscope, and then
to the vibrator. The vibrator can be controlled using the vibrator controller. The
acceleration signals from the accelerometers and the force signals from the force platform
were acquired using the same HVLab system through the 16-channel box. The sampling

rate, duration and the magnitude of the vibration stimuli were specified in the software.

1 SQC_ha,nn'_el' box LP Filter Oscilloscope

Vibrator controller
Hydraulic vibrator

Figure 3.12: Schematic diagram of the experimental set-up to drive and acquire the output

signals.
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3.4 Data analysis: frequency response functions

3.4.1 Transmissibility

The vibration transmitted through the backrest during fore-and-aft excitation (i.e. the
backrest transmissibility), H ( f), was calculated using a ‘cross-spectral density’ (CSD)
method. The H(f) was calculated as the ratio of CSD of the input and output
acceleration (i.e. the acceleration at the back-backrest interface), G, (f), to the power

spectral density (PSD) of the input acceleration (i.e. the acceleration at the base of the
backrest), G, (f):

H(f)= i—% (3.1)

This function is a complex function, and it can generate modulus, |H | and phase, 8,

which can be calculated from:

|H(f)| = [(Re[H ( f)])2 +(Im[H ( f)])2:|}é (3.2)

., qyIm [H (f )]
0(f) =tan {———Re[H (f)]} (3.3)
where Re[H (f)] and Im [H ( f)] are the real and imaginary parts of the complex

transfer function H ( f), respectively.

Coherency, 7,.2[, (f), was used to inspect the linearity of the calculated transmissibility. The

coherency can be calculated from:

2
72 (f) — Giu (f)‘
Gii (f) Goo (f)
where G, (f) is the PSD of the output and the values of }/,.20 (f) always lie in the range 0

(3.4)

— 1. For an ideal system with no noise interference, the coherency is unity, which indicates

that the entire output is linearly correlated to the entire input.

3.4.2 Apparent mass

The forces at the back during fore-and-aft vibration were presented by the apparent mass

function, M, (f), which is a transfer function of two measures (i.e. the force and the



Chapter 3: Ezperimental apparatus and data analysis 109

applied acceleration) measured at the same point. The apparent mass of the back were also

calculated using the CSD method:

My ()= £ 9

where F, (f) is the CSD of the force and acceleration and a; (@), is the PSD of the input

acceleration. It is also possible to calculate the apparent mass of the back using the PSD:

2 Foolf)
'MB (f) | = a. (/) (3.6)

where F, (f) is the PSD of the measured force of the back.

The former method is a complex function and is capable of giving modulus, 'M B ( f )' and
phase, HMB' In contrary, the later only generate the modulus, |MB (f),, and includes all

signals, correlated or uncorrelated (including noise).

With the CSD method, the modulus of the apparent mass of the back, IMB (f)l, and the

phase, 6, , were calculated:

vy (PN =[(BeMy DI + (D D) ] 6D

= tan~" Im[MB(f)]
P (1) =1 {Re[MB(f)J}

where Re[MB (f)] and Im [MB (f)] are the real and imaginary parts of the complex

(3.8)

transfer function M, ( f ), respectively. The coherency of the function can also be
calculated, using Equation 3.4 to observe the linearity of the system within the frequency

range of interest.

3.4.2.1 Mass cancellation

The measured fore-and-aft forces at the back were influenced by the apparent mass of the
subject and the mass of the force plate supported on the force transducers (Section
3.2.2.2). Hence, ‘mass cancellation’ was applied to subtract the mass ‘above’ the force
transducers. This mass cancellation can be applied in two methods: in a time domain or in

a frequency-domain.

Rather than real time subtraction, a frequency domain technique was adopted as the
measured force influenced by the mass of the plate. The plate mass was subtracted from

the total measured force acting on the combined subject and force plate, such that:
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Fr(f) = Fp (f)
a(f)

where Fj, ( f ) is the total measured force acting on the subject and the force plate, a( f )

Mgy (f) = (3.9)

is the input fore-and-aft acceleration and Fj, ( f) is the force of the plate.

An alternative frequency domain method is where the real and the imaginary parts of the
apparent mass of the force plate (without subject) was calculated and subtracted from the

real and imaginary part of the apparent mass of the subject and the plate.

My (f) = Mz (f) - My (f) (3.10)
where M, (f) is the apparent mass of the subject and the plate, and M, (f) is the

measured apparent mass of force platform only. In practice, M P( f) is a real quantity in

the frequency range of interest, i.e. acting as a rigid mass like body.

3.4.3 Dynamic properties of the backrest cushion

The dynamic properties of the backrest cushion and foam backrest (i.e. the stiffness and
damping) were obtained from the indenter test measurement. A schematic representation

of the indenter test is shown in Figure 3.13.

T

1

Applied load
| mo
Indenter
S
‘}: k ¢
o
g

Vibrator platform

Figure 3.13: Schematic diagram of the backrest cushion and the indenter to obtain the dynamic

properties of the backrest cushion.

The frequency response of the backrest cushion or foam when a load was applied can be

written as:

F({)=kz+ct (3.11)
where F'(®w) is the equivalent force from the platform to the force applied on the

backrest/foam, k is the stiffness and ¢ is the damping of the backrest/foam. The
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displacement, z, and the velocity, Z, can be obtained by double and single integration of
the measured the acceleration, Z, respectively. Using Laplace Transform on the
assumption that z(0) =0 and £(0) =0 and replacing the Laplace Transform variable s
with the angular frequency @ based on the relation of s = iw , the Equation 3.11 can be

written as:

CF(w) = (k+es) X (s) (3.12)

The dynamic stiffness of the backrest cushion/foam was:

F (@)
X(w)
From Equation 3.13, the stiffness, £ and damping, ¢, of the backrests are the real and

=S(®) =k +cwi (3.13)

imaginary of the dynamic stiffness of the backrest/foam, S (@), respectively.

3.5 Data analysis: statistical tests

Statistical analyses were performed to compare results between different conditions used
and to test for correlations between different variables. Non-parametric statistical
techniques or distribution free tests were used to perform the statistical tasks. This technique
avoids making assumptions about the underlying distribution of the population, in
particular all the subjects used in each experiment were drawn from an unknown
population and the results from all subjects in each experiment were not necessarily
distributed in a particular form. The statistical analyses were performed in the SPSS
statistical software (version 12.0). In the course of the studies, the statistical tests were
performed: i) to make comparisons between repeated measured within samples (Friedman)
or between two variables or conditions (Wilcoxon), and ii) to determines whether there is a
clear relation between two variables or not (Spearman) (see Siegel and Castellan (1988), or

Barlow (1989), or Clegg (1990) for further information).

3.5.1 Friedman two-way analysis of variance

The Friedman two-way analysis of variance tests the null hypothesis of the measurements,
in which the measures of k& dependent samples come from the same population. It is based
on the rationale that if the groups do not differ on the criterion variable, then the rankings
of each subject will be random and there will be no difference in mean ranks between

groups on the criterion variable.

The Friedman test can be seen as a two-way analysis of variance with one observation per

cell. It can also be seen as a repeated measures analysis of variance for one group.
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3.5.2 Wilcoxon matched-pairs signed ranks test

The Wilcoxon matched-paired signed rank test is used to test the null hypothesis that the
population median of the paired differences of the two samples is zero. It is also uéed to
test whether the mean values of two sets of data are compatible or not, given that both
sets have the same number of measurements. This test uses the magnitudes as well as the

signs within pairs of the two samples under investigation.

3.5.3 Spearman rank order correlation coefficient

- The Spearman rank order correlation coefficient can be used to determine correlation
between two sequences of variables. For example, this test was used to investigate whether
there was a relation between the physical characteristics of the subjects (e.g. body mass,
stature) and the resonance frequency of the backrest of the apparent mass of the back

during fore-and-aft vibration.

A correlation coefficient is a number between -1 and 1, which measures the degree to which
two variables (for example subject mass and resonance frequency of the apparent mass of
the back) are linearly related. If there is perfect relationship with positive slope between
the two variables, a correlation coefficient of 1 will be obtained (positive correlation). If
there is a perfect relationship with negative slope between the two variables, a correlation
coefficient of -1 will be obtained (negative correlation). A correlation coefficient of zero

indicates that there is no relationship between the variables.



Chapter 4

Fore-and-aft transmissibility of

backrests

4.1 Introduction

The vibration discomfort of seated persons in vehicles is often dominated by vertical
vibration and so many studies have investigated the vertical transmissibility of seats (e.g.
Whitham and Griffin, 1977; Fairley and Griffin, 1986; Corbridge et al, 1989 and Wei and
Griffin, 1998c). However, fore-and-aft vibration is also present on the seats of vehicles and
may contribute to discomfort (Qiu and Griffin, 2003). An understanding of the
transmission of fore-and-aft vibration through seats to the backrest may assist the

reduction in discomfort caused by such vibration.

According to the frequency weightings in current standards, if a seat is rigid, fore-and-aft
vibration at the backrest will cause more discomfort than fore-and-aft vibration on the seat
at frequencies greater than about 3.15 Hz (e.g. British Standard BS 6841, 1987). The
frequency weightings show a human sensitivity to fore-and-aft acceleration that falls in
inverse proportion to the vibration frequency at frequencies greater than 2 Hz on the seat
and at frequencies greater than 8 Hz on the backrest. Consequently, fore-and-aft backrest
vibration needs to be only half the magnitude of seat vibration at 4 Hz and only a quarter
of the magnitude of seat vibration at 8 Hz to cause similar discomfort to fore-and-aft seat
vibration. In practice, seats are not rigid and so, at these frequencies, there is often a
greater magnitude of fore-and-aft vibration on the backrest than on the supporting seat

surface.

The fore-and-aft vibration on backrests has been measured in some laboratory studies with

single-axis excitation and, in a few field studies, with multiple axis excitation. When
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excited with vertical vibration, a pronounced peak at 4 to 5 Hz has been reported in the
fore-and-aft motion of a car seat backrest (Houghton, 2003). A car seat with seated
subjects showed three resonances (4 to 5 Hz, 25 to 30 Hz and 45 to 50 Hz) when exposed
to fore-and-aft vibration in the laboratory study (e.g. Qiu and Griffin, 2003).

In previous studies, the backrest vibration has been measured using an accelerometer
contained within a mount (i.e. a seat interface transducer pad, ‘SIT-pad’) positioned near
the middle of the backrest, although the location has differed between studies (Qiu and
Griffin, 2003 and 2004, and Houghton, 2003). International Standard ISO 10326-2 (2001)
specifies that the vibration on the backrest should be measured by positioning the
transducer ‘in the area of principal support for the body’, although it is not clear how this
position is to be found. British Standard 6841 (1987) says that measurements at the
backrest ‘should be made at the position with the greatest effective vibration in contact with
the body’. This gives recognition to the potential for the vibration to vary with location on
a backrest, but there are no known studies investigating how the position of measurement

affects the vibration on backrests.

Recent studies have found that the transmission of vibration through backrests is non-
linear, showing a reduction in the resonance frequency with an increase in vibration
magnitude (Qiu and Griffin, 2003). This is due, at least in part, to the non-linearity in the
apparent mass of the back when subjects are exposed to fore-and-aft vibration (Nawayseh
and Griffin, 2005a).

This chapter describes a study to measure the transmission of vibration through backrests
of a car seat and a block of foam supported on a rigid flat frame. In addition, the variation
in the transmissibility of both backrest with vertical position was investigated. It was
hypothesised that the transmission of vibration through the backrests would vary with
vertical position on both backrests. It was also hypothesized that, because the impedance
of the human body is non-linear in the fore-and-aft direction, the fore-and-aft

transmissibility would be non-linear with vibration magnitude.

4,2 Method

4.2.1  Subjects

Twelve male subjects participated in the study. All subjects were healthy and without
disorders of the musculoskeletal system. Table 4.1 lists the medians and ranges of age,

weight, stature, and seat-to-shoulder height of the subjects. The experiment was approved
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by the Human Experimentation, Safety and Ethics Committee of the Institute of Sound
and Vibration Research (ISVR), University of Southampton.

Table 4.1 Subject age, stature, weight and seat-to-shoulder height.

Age (yrs) ~ Stature Weight (kg) | Seat-to-shoulder height (m)
(m)
Minimum 20 1.65 58 0.58
Maximum 39 1.86 99 0.69
Median 24.5 1.75 72.3 0.62

4.2.2  Apparatus

4.2.2.1 Vibration generation

The experiment was conducted using a 1-metre stroke horizontal electro-hydraulic vibrator
in the Human Factors Research Unit at the ISVR, University of Southampton (see Figure
3.1, Section 3.2.1.1). The vibrator was designed to reproduce motions suitable and safe for

the study of human responses to vibration.

4.2.2.2 Seat description

Two types of seat were used in the experiment: a car seat (from a popular current family

car) and a rigid seat with a backrest containing of a block of foam.

The car seat weighed 19.3 kg and was constructed from a steel frame in which the backrest
was connected to the seat-pan frame via a connecting-plate (Figure 4.1). The connecting-
plate between the seat-pan and the backrest were screwed together to form the pivot for
the backrest. The contoured cloth covers of the seat cushion and backrest contained
moulded foam supported by springs. The inclination of the seat-pan was adjusted by a
rotating lever located beneath the seat pan. The inclination of the backrest was adjusted
by rotating a knob at the left side of the seat. The adjustments were set using a SAE H-
point manikin (ISO 5353, 1978) so that the backrest was 17° from the vertical and the seat

pan was 10° from the horizontal.

For measurements with the block of foam, subjects sat on a seat with a rigid frame and
flat rigid horizontal and vertical wooden surfaces on the seat and backrest (Figure 4.1).
The rectangular block of polyurethane foam (540 mm by 355 mm by 100 mm) had flat

surfaces and was attached to the vertical backrest using Velcro. The lower edge of the
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foam block was 30 mm above the horizontal surface of the flat rigid seat. There was no

cushion beneath the subjects.

Figure 4.1: Car seat.

1:2.9:8 Accelerometers

Vibration was measured using six Entran EGCS-Y 24-10-D accelerometers. Five
accelerometers were attached to circular wooden plates of 50 mm diameter and 2 mm
thickness (see Figure 3.3 (b), Chapter 3). Each- combined accelerometer and wooden plate
weighed 14 grams and is referred to as a ‘mini SIT-pad’. These ‘mini SIT-pads’ were
mounted to the surfaces of the backrests at five heights above the seat surface using
Velcro. The flat surfaces of the plates faced the back of the body with the accelerometer on

the side adjacent to the seat surfaces.

One Entran EGCS-Y 24-10-D accelerometer was attached to the vibrator platform beneath

the scats to measure the fore-and-aft excitation.

The five locations of the ‘mini SIT-pads’ on the backrests were obtained by dividing the

50" percentile seat-to-shoulder height of the British male population aged 19 to 45 years
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(approximately 595 mm; Pheasant, 1996) into five equal bands of 120 mm, with an
accelerometer at the centre of each band. For the car seat, the location of the central ‘mini
SIT-pad’ was assumed to be 340 mm above the seat cushion surface, after the addition of
40 mm to compensate for seat compression (Pheasant, 1996). For the foam backrest, the
central ‘mini SIT-pad’ was 300 mm above the flat seat surface. Table 4.2 shows the height
of each of the accelerometers above the supporting seat surface for both backrest types.
Location 1 was nearest to the seat surface and location 5 was nearest to the top of the
backrest (i.e. shoulder area). For both the car seat and the foam backrests, the
accelerations were measured normal to the backrest cushion. The contoured surface of the

car seat backrest cushion is assumed to have small effect on the measured acceleration.

The arrangement of the experimental equipment is shown in Figure 4.2.

Table 4.2 Locations of the accelerometers on the surfaces of the backrests and the corresponding

height above the seat surface.

Vertical distance from the seat surface (mm)
Location On foam secured to the rigid On car seat
seat (after the addition of 40 mm
compensation)
1 60 100
2 180 220
3 300 340
4 420 460
5 600 640
4.2.2.4 Signal generation

A Gaussian random signal having a duration of 60 s and a nominally flat constant-
bandwidth acceleration power spectrum over the frequency range 0.25 to 20 Hz was
generated using an HVLab Data Acquisition and Analysis system (version 3.81). Subjects
were exposed to five vibration magnitudes (0.1, 0.2, 0.4, 0.8, 1.6 ms” r.m.s.) in independent
random orders. All acceleration signals were conditioned and acquired directly into the
HVLab Data Acquisition and Analysis system at 512 samples per second via 170 Hz anti-

aliasing filters.
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Figure 4.2: Experimental set-up (a). Accelerometers attachment on the foam backrest with rigid

seat (b) and on the car seat backrest (c).

4.3 Analysis

The acquired acceleration data were normalised to remove any d.c. offsets before they were
used to calculate the modulus, phase and coherency of the backrest transmissibility for
each location. The transfer functions between the floor and all five accelerometers on the

backrest surface were calculated using the cross-spectral density method.

The transfer function, H (f), was determined as the ratio of cross-spectral density of the

input and output acceleration, G, (f), to the power spectral density of the input

acceleration, G, (f):
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H(f): io( ) (4.1)

The coherencies between the acceleration at the platform and the accelerations on the

backrest were also calculated:

G, (f)

Coherency, v; (f) = G—(]‘)_G’—(f5

(4.2)

where G, ( f) is the power spectral density of the output acceleration. A resolution of 0.25

Hz was used for the calculation, which gave 60 degrees-of-freedom.

4.4 Results

4.4.1 Inter-subject variability

Individual results show high inter-subject wvariability in the fore-and-aft backrest
transmissibilities at each height above the seat surface with both the car seat and the foam
backrest (Figure 4.3). The car seat showed resonances between 2.4 and 7.2 Hz, while the
foam backrest showed resonances between 1.4 and 7.1 Hz. The resonance frequency was
defined, as the frequency at which there is a peak in magnitude of the transmissibility.
High coherencies (more than 0.9) were obtained at each height for all subjects and at all

vibration magnitudes with both backrests.

Inspection of individual data showed that with the car seat, four subjects exhibited only
one resonance frequency (in the range 2.5 to 5.7 Hz) at each height for all vibration
magnitudes. Two resonances were visible for eight subjects (in the range 2.4 to 7.2 Hz):
two resonance did not occur at all measurement locations — they were most visible at the
middle part of the backrest. The lowest of the two resonance frequencies was in the
frequency range 2.4 to 5.3 Hz, while the second resonance was evident in the range 3.3 to
7.2 Hz. For six subjects, the transmissibility at the first resonance was greater than the
second resonance, while two subjects had a greater transmissibilities at the second

resonance.

With the foam backrest, a single resonance (in the frequency range 1.5 to 6.1 Hz) was
clearly visible for eight subjects at all vibration magnitudes. Four subjects showed two

resonances in the range 1.4 to 7.1 Hz, but again not at all locations and most visible at the
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middle part of the backrest. For these four subjects, the first and the second resonance
frequencies were in the range 14 to 3.9 Hz and 3.9 to 7.1 Hz, respectively. For two

subjects the transmissibility at the first resonance was greater than at the second

resonance, while the other two subjects gave the opposite response.

Transmissibility

Figure 4.3: Inter-subject variability in the fore-and-aft transmissibilities of a car backrest and

foam backrest with 12 subjects at a vibration magnitude of 0.4 ms? r.m.s. The figure shows

Seat backrest
Location 5

Foam backrest
Location 5

Location 4

Location 2

Location 1

Frequency [Hz]

transmissibilities at five locations (see Figure 4.2).
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In general, the fore-and-aft vibration at the back-backrest interface was amplified relative
to the vibrator platform at frequencies less than 7 Hz for both the car seat and the foam
backrest. At frequencies greater than 7 Hz, the transmissibilities were progressively
attenuated up to around 10 Hz, and remained less than 1.0 at frequencies between 10 Hz

and 20 Hz.

4.4.2 Variation in backrest transmissibility

Prior to calculating the median results, an artefact in an individual result with the foam
backrest (in subject 6) was removed. The ‘mini SIT-pad’ was ‘detached’ from its location
by the belt of the subject. Five transmissibilities at all locations (at 0.1 ms? r.m.s. with
foam backrest) were excluded from the median calculations (the artefact data are not

shown in the figures or tables).

The median fore-and-aft backrest transmissibilities showed resonances in the range 4 to 5
Hz for the car seat, and in the range 3 to 6 Hz for the foam backrest (Figure 4.4). With
neither backrest was a second resonance evident in the median data as its influence was

‘smeared’ across the frequency range.

With all twelve subjects and both backrests, the fore-and-aft transmissibilities from the
floor to the backrest show differences between measurement locations (Figure 4.5 to Figure
4.6; see Appendix A for all individual results). For both the car seat and the foam
backrest, the transmissibilities differed significantly over the five measurement locations at
the centre frequency of each preferred 1/3- octave from 2 Hz to 10 Hz at all vibration

magnitudes (p<0.05; Friedman).

A Wilcoxon matched-pairs signed ranks test was performed on the transmissibilities
between measurement locations with both backrests (Tables 4.3 to 4.4). A total of 40 pairs
were tested at each preferred '/j,octave centre frequency from 2 Hz to 10 Hz and at all
magnitudes (Table 4.5). With the car seat, the total number of significant differences (i.e.
p<0.05, Wilcoxon) between location 1 and location 4, between location 2 and location 3,
between location 2 and location 4, and between location 3 and location 4 was less than
50% of the possible differences. For other paired-locations, at least 65% of the
transmissibilities differed significantly, with the transmissibilities between location 2 and
location 5 having the greatest number of significant differences (90%). With the foam
backrest, the number of significant differences in transmissibilities between location 2 and
location 3, and between location 2 and location 5, was less than 50% of the possible
differences. Between location 3 and location 5, and between location 4 and location 5, the

number of statistically significant differences was 50% to 55%. For other paired-locations,
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at least 65% of the transmissibilities differed significantly, with the transmissibilities

between location 3 and location 4 having the greatest number of significant differences

(83%).

) Seat backrest Foam backrest
Py 0.1 ms?rms. 0.1 ms?rms.

* 0.2ms?rm.s. 0.2ms?rms.

Transmissibility

Frequency [Hz]

Figure 4.4: Median fore-and-aft backrest transmissibilities with twelve subjects for both the car

backrest and the foam backrest at five magnitudes. Location 1 (———); Location 2 (- - — -);

).

Location 3 (————— ); Location 4 (-« ); Location 5 (
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Figure 4.5: Variation in car seat backrest transmissibility with location for twelve subjects at a

vibration magnitude of 0.4 ms? r.m.s.. Key:
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Figure 4.6: Variation in foam backrest transmissibility with location for twelve subjects at a

vibration magnitude of 0.4 ms? r.m.s.
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For both the car seat and the foam backrest, variations in the vertical position of the
measurement location had little effect of the resonance frequencies shown in the median

data, although the transmissibilities at resonance varied with measurement location.

With both the car seat and the foam backrest, the median transmissibilities were greater
at the middle part (i.e. locations 2 to 4) than at the top (location 5) or bottom (location 1)
of the backrest. The least transmissibility was measured at the top of the car seat (location
5), but at the bottom of the foam backrest (location 1). For six subjects, the
transmissibilities of the foam backrest at location 1 sometimes showed ‘unity
transmissibility’ with no evidence of a resonance (see Figure 4.6). This may have arisen
from these subjects having little or no contact between the back and the backrest at this

location.

Table 4.3 Wilcoxon matched-pairs signed ranks test between backrest transmissibilities at five
locations (L = location; 1, 2...5 = location position) with car seat backrest. (- =p > 0.05; * =p <

0.05; f = p < 0.01).

Vib. | Freq § L1- L1- Ll- Ll- L2 L2 L2- L3 L3 IL4-
mag. L2 L3 L4 Ls L3 L4 L5 14 L5 L5

2 / / - - - / - / /

2.5 / / * * - - / - / /

315 | f / / * - - / - / /

4 / / / * - - / - / /

0.1 5 / * - / - - / - / /

6.3 f - - ) ! ! ! f f -

8 / - * - / / * / - -

10 - . * * * * . _ t t

2 / / / - / * / - / /

2.5 / / / - - - / - / /

315 | * / / - - - / - / /

4 / / / * - - / - / /

0.2 5 / * - * - - / - / /
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Table 4.4 Wilcoxon matched-pairs signed ranks test between backrest transmissibilities at five
locations (L = location; 1, 2...5 = location position) with foam backrest. (- = p > 0.05; * = p <
0.05; + = p < 0.01).

Vib. | Freq | L1- L1- Li- Li- L2- L2 L2- L3 L3 L4
mag. L2 L3 L4 Ls L3 L4 L5 L4 L5 L5
2 f f f * - f - * - -
2'5, 7 1 1 * - * - f *
3.15 f f f f f - f - -
4 f f f - * - * - -
0.1 5 f * - * f f f / f /
6.3 f * - f - f f f f f
8 - - * f - * f f / *
10 _ _ f * - * _ * _ -
2 f f f f - - f - f
2.5 f f f * - - / - f
3.15 7L 7L _ * * * _ * _ *
4 f f * - - _ - * * *
0.2 5 - - f f - f * f f -
6.3 - - f f - f * f * -
8 - - f f - * - f - -
10 f f f - - f - * - -
2 f f f * - f - f - *
2.5 f / / f f - f - -
3.15 f f f f f - * - -
4 Pt f - - f * - f *
0.4
5 |t f t f * - f f f f
6.3 |- - - f - t f t f f
8 _ - _ t _ * * t * _
10 |1 t f t - - - * - -
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Table 4.5 Total number of statistically significant differences (i.e. p<0.05, Wilcoxon) between the
transmissibilities at pairs of locations for all vibration magnitudes at '/;-octave centre frequencies

between 2 Hz and 10 Hz.

Paired-location Number of statically

significant differences

a) Car seat

L1 - L2 30/40
L1 - L3 26/40
L1 - L4 19/40
L1 -L5 27/40
L2 - L3 17/40
L2 - 14 18/40
L2 - L5 35,/40
L3 - L4 15/40
L3 - L5 36/40
L4 - L5 33/40

b) Foam backrest

L1 - L2 30/40
L1-1L3 30/40
L1 - L4 30/40
L1-1L5 32/40
L2 - L3 8/40
L2 — L4 26,40
L2 - L5 15/40
L3 - L4 33/40
L3 - L5 20/40
L4 - L5 22/40

There were no statistically significant correlations between subject characteristics (seat-to-
shoulder measurements, stature, mass) and either the principal resonance frequencies or
transmissibilities at resonance at any measurement location on either backrest (p>0.05,

Spearman).
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4.4.3  Effect of vibration magnitude

The effect of the vibration magnitude on the individual and median backrest
transmissibilities at different measurement locations is shown in Figure 4.7 to Figure 4.9.
With the car seat, the transmissibilities at each measurement location from 2 Hz to 10 Hz
(at 1/3-octave frequencies) showed significant changes with vibration magnitude (p<0.05;
Friedman), except at location 5 (at 2 Hz), at locations 3 to 5 (at 3.15 Hz), at locations 1 to
3 (at 4 Hz) and at locations 1, 3 and 4 (at 10 Hz). Significant differences were also found
at each measurement location with the foam backrest (p<0.05), except at location 1 (at 2
Hz and 2.5 Hz), at locations 1 to 3 (at 3.15 Hz and 4 Hz) and at locations 1 to 2 (at 10
Hz).

4
Subject1 Subject 2 5 Subject 3
p gg ;;\ | # .
Subject 4 Subject 5 Subject 6
z 1A | o
0
5 Subject 7 Subject 8 Subject9
© |
5 | |
D R | +
Subject 10 Subject 11 Subject 12
2’ e |
o} . et ” . : .
5 10 15 5 10 15 5 10 15 20

Frequency [H2Z]

Figure 4.7: Fore-and-aft backrest transmissibility for twelve subjects with the car seat at location
3at 01 ms?rms. (—), 02 ms? rms. (-~ - --), 04 ms? rms. (————— ), 0.8 ms™® r.m.s.

[ ) and 1.6 ms? r.m.s. (——).
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Figure 4.8: Fore-and-aft backrest transmissibility for twelve subjects with the foam backrest at
location 3 at 0.1 ms? r.m.s. (——), 0.2 ms?rms. (- - --), 0.4 ms? r.ms. (————— ), 0.8 ms

r.n.s. (soemeeeees ) and 1.6 ms? r.m.s. (——).
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Figure 4.9: Median fore-and-aft backrest transmissibilities with twelve subjects for both the car
seat and the foam backrests at each of five locations at 0.1 ms? r.m.s. ( ), 0.2 ms?r.ms.

(----),04 ms?rms. (————-), 0.8 ms? r.m.s. (-reeeer ) and 1.6 ms? r.m.s. (———).
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4.5 Discussion

Prior to commencing the study, the performance of the ‘mini SIT-pad’ was compared with
a ‘SIT-pad’ conforming to ISO 10326-1 (1992) with a built-in Entran EGCS-DO-
10/V05/L5M accelerometer. The ‘mini SIT-pad’ was designed to be broadly similar to the
mount described in ISO 10326-1 (1992), but sufficiently small to allow several ‘mini SIT-
pads’ to be placed at different locations on the backrest and measure transmissibilities to
different locations at the same time (Figure 4.10). The comparison involved measuring the
fore-and-aft transmissibility of a foam block used as a backrest (similar to that in this
experiment) at the same location in separate measurements. The location of both
accelerometer mounts was the same. One subject was used and exposed to two vibration
magnitudes (0.2 and 0.8 ms® r.m.s.). The results showed minimal differences in the
backrest transmissibility measured using the two mounts (Figure 4.11). Both the resonance
frequency and the transmissibility at resonance were similar. The relative percentage
difference between the measurements was less than 8% over the frequency range 0.25 to 20
Hz. It was concluded that the transmissibilities measured using the ‘mini SIT-pads’ as in

this experiment were similar to those that would have been measured using a full-sized

‘SIT-pad’ according to ISO 10326-1 (1992).

Figure 4.10: Comparison of the size of the ‘mini SIT-pad’ with the ‘SIT-pad’, according to 1SO
10326-1 (1992).
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Transmissslblilty

Coherency
e
[T}

Frequency [Hz)

Figure 4.11: Comparison of foam backrest transmissibility measured with the ‘mini SIT-pad’ used
in this study (see Figure 4.10) (--eoeeeee } and a ‘SIT-pad’, according to ISO 10326-1 (1992)
(—). Key: (a) at 0.2 ms? r.ms.; (b) at 0.8 ms? r.m s.

In a car, the origin of the fore-and-aft vibration on the backrest may be complex: fore-and-
aft, pitch and vertical vibration on the floor can all contribute to backrest vibration (Qiu
and Griffin, 2003 and 2004). In the present laboratory study, the input vibration at the
base of the seat was constrained to the fore-and-aft direction, even though this is often not
the case in vehicles. If vertical and pitch vibration of a vehicle floor cause fore-and-aft
vibration of a backrest, the variation in vibration with measurement position on the

backrest may differ from that found here.

The median resonance frequencies of the backrest transmissibilities of the car seat found in
this study (4 to 5 Hz) are similar with the results reported by Qiu and Griffin (2003) who
investigated the fore-and-aft transmissibility of the backrest of a car seat with both field
and laboratory measurements. They found that the principal resonance frequency of the

fore-and-aft backrest transmissibility was in the frequency range 4 to 5 Hz.

The foam backrest showed slightly broader resonances in the frequency range 3 to 6 Hz.
The difference is unlikely to be entirely due to different seat adjustment. The seat-pan and
foam backrest were horizontal and vertical respectively, compared with a 10° inclination of
the seat-pan and a 17° inclination of the backrest angle of the car seat. Other factors, such
as a difference in the dynamic stiffness of the car backrest and the foam backrest (see
Chapter 8, Section 8.3) would have affected the transmissibilities and resonance

frequencies.

For a simple single degree-of-freedom vibrating system, the resonance frequency is
proportional to the square root of the stiffness. It is anticipated that the foam backrest had

a greater dynamic stiffness than the car seat, based on the higher resonance frequencies in
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the individual results. Relating the dynamic stiffnesses of the two backrests to the

measured transmissibilities merits further investigation.

The individual results showed that some subjects (four subjects with the car seat and eight
subjects with the foam backrest) exhibited one principal resonance. However, other
subjects (eight subjects with the car seat and four subjects with the foam backrest) showed
a second resonance. The resonances can be associated with modes of the body during fore-
and-aft excitation. Kitazaki and Griffin (1997) found that when seated persons were
exposed to vertical vibration, the resonance frequency at 4.9 Hz consisted of an entire body
mode, including a bending of the upper thoracic spine and the cervical spine. They also
observed modes at 5.6 Hz and 8.1 Hz, consisting of bending and pitching modes.
Matsumoto and Griffin (1998) found that the pitch transmissibilities of the first thoracic
vertebra (T1) and the head had clear peaks between 5 and 7 Hz when subjects were
exposed to vertical excitation. It seems possible that the resonances found in this study are
related to the modes found by Kitazaki and Griffin (1997) and Matsumoto and Griffin
(1998). Measurement of the apparent mass of the back at various vertical positions are

required to further understand the responses of the back in the fore-and-aft direction.

The unity transmissibility at location 1 for six subjects with the foam backrest is thought
to have arisen because in these subjects at this location there was little or no contact
between the back and the backrest. All six subjects had a stature greater than 1.73 m,
which may have influenced their sitting posture so that the lower back made less contact
with the flat surface of the foam block at this location. However, there were some subjects
with a stature greater than 1.73 m who showed good results and clear resonances (Figure
4.6; subjects 3 and 4). For a relatively short subject, the transmissibility at location 1 also
showed a clear resonance (Figure 4.6; subject 10). The statistical analysis showed no
correlation between the resonance frequency and the stature of the subjects. The unity
transmissibility at location 1 in this study may therefore be attributed to some unknown
individual response. The unity transmissibility was not observed with the car backrest with
the same six subjects. The lumbar support in the car seat encouraged greater contact

between the lower back and the backrest than occurred with the flat foam block.

Models for predicting the vertical transmissibility of a seat have assumed one connecting-
point representing the interface between the seat cushion and the seated human body (e.g.
Fairley and Griffin, 1986 and Wei and Griffin, 1998c). It may be reasonable to make this
assumption when predicting vertical seat transmissibility because the principal load-
bearing interface between the buttocks and a seat cushion is usually concentrated around
the ischial tuberosities. The results of this study suggest that a backrest-back model may
require more than one connecting point between the back and the backrest. The points

might represent interfaces at the lower part of the backrest (e.g. location 1), the middle
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part of the backrest (locations 2 to 4) and the upper part of the backrest (e.g. location 5).
The development of a model for predicting the transmissibility of a backrest may require
information on both the seat dynamic stiffness and the body impedance at each of these

locations, or over an area encompassing these locations (see Chapter 8, Section 8.3).

A non-linearity in fore-and-aft backrest transmissibility has been observed previously.
When twelve subjects exposed to three vibration magnitudes in a car seat, the resonance
frequency and transmissibility at resonance decreased with increasing vibration magnitude
(Qiu and Griffin, 2003). In the present study, a similar ‘softening’ effect was found to
apply at each height and with both types of backrest.

The non-linearity might be due a non-linear response of the body or a non-linear response
of the seat, or both. It has been reported that all twelve subjects exposed to fore-and-aft
whole-body vibration at four vibration magnitudes (0.125, 0.25, 0.625 and 1.25 ms” r.m.s)
showed non-linear changes in the force measured on a flat surface contacting the entire
back, and the resonance frequency in the force measured at the back decreased with
increasing vibration magnitude (Nawayseh and Griffin, 2005a). A further understanding of
the variation in apparent mass of the back with measurement location, body posture and
vibration magnitude will be required to develop dynamic models of the body for predicting
seat backrest transmissibility during fore-and-aft excitation. To optimise the dynamic
responses of backrests, an understanding of the importance of variations in dynamic

stiffnesses of backrests with location and vibration magnitude is also required.

4.6 Conclusions

Laboratory measurements of the fore-and-aft transmissibilities of a car seat backrest and a
foam backrest showed median resonance frequencies in the range 4 to 5 Hz, and 3 to 6 Hz,

respectively.

There were large variations in the transmissibilities of both backrests at different vertical
positions, although the resonance frequencies showed only small changes with position.
With both seats, the median backrest transmissibilities at resonance were greater at the
middle than at the top or bottom of the backrest. The transmissibility was least at the top
of the car backrest but least at the bottom of the foam backrest.

The backrest transmissibilities were non-linear at all measurement locations: the resonance
frequencies and transmissibilities at resonance decreased with increasing vibration

magnitude.



Chapter 5

Factors affecting transmissibility of

backrests

5.1 Introduction

In Chapter 4, the fore-and-aft backrest transmissibility was found to be non-linear with
vibration magnitude — the resonance frequency tended to decrease with increasing
vibration magnitude. The transmission of vibration through the backrest was also shown to
vary significantly with vertical height from the seat surface. It is anticipated that there are
many factors that can affect the fore-and-aft transmissibility of backrests during fore-and-
aft vibration. This chapter describes studies conducted so as to observe the effect of: i)
foam thickness, ii) vibration magnitude, iii) backrest inclination, iv) seat-pan inclination,
v) push force at feet and vi) horizontal footrest position on the fore-and-aft backrest
transmissibility. In all studies, the vibration to the backrest was confined to fore-and-aft

excitation.

5.2 Effect of foam thickness and vibration magnitude

5.2.1 Introduction

Vertical transmissibility of seats has been extensively studied and the transmissibility of
seats showed the principal resonance frequency around 4 Hz. (e.g. Whitham and Griffin,
1977; Fairley and Griffin, 1986; Corbridge et al., 1989 and Wei and Griffin, 1998¢). These

studies have been conducted in both laboratory and field studies.
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Previous researchers have investigated some factors that can affect vertical transmissibility
of seats, such as the effects of the foam thickness, subject weight, seat cushion inclination,

backrest inclination and posture on the vertical transmissibility of seats.

A thin and soft cushion was found to slightly reduce the vertical transmissibility of seats
used in aircraft, whereas a thick and stiffer cushion increased the transmissibility (Payne,
1969). The author concluded that thin cushion could reduce the potential spinal injury
during a sudden seat ejection (which the subject was subjected to high magnitude of
vibration) compared to the thick foam. Later studies found that the vertical
transmissibility of polyurethane foams with twelve subjects was higher with thicker foams
than thinner foams at frequencies less than 4 Hz (Ebe, 1997; Ebe and Griffin, 2000).
However, at frequencies greater than 4 Hz, thinner foams showed higher transmissibility.
The authors also found that thicker foams had lower resonance frequency, but higher

transmissibility at resonance compared to thinner foams.

Wei and Griffin (1998a) concluded that as seat cushion inclination increased, seat
transmissibility decreased at frequencies below 6 Hz but increased at frequencies above 6
Hz. In a different study, the same authors found that heavier subjects exhibited lower
resonance frequency of vertical transmissibility of seats compared to less heavy subjects
(Wei and Griffin, 2000). Corbridge et al. (1989) reported that when the backrest
inclination was increased from 95° to 110° (measured from horizontal), the resonance
frequency remains the same but showed slight increased in the transmissibility at

resonance.

The vertical transmissibility of seats was also found to be non-linear with vibration
magnitude (e.g. Fairley, 1983; Corbridge, 1987, Towards, 2001 and Houghton, 2003). The
resonance frequency and transmissibility at resonance of the transmissibility decreased
with increasing vibration magnitude. This is due, at least in part, to the non-linearity of
body during vertical vibration (e.g. Fairley and Griffin, 1989; Corbridge et al, 1989;
Matsumoto and Griffin, 2000; Mansfield and Griffin, 2000 and Nawayseh and-Griffin, 2003
and 2004).

Equivalent studies of seat transmissibility in the fore-and-aft direction have rarely been
conducted. A study of seat transmissibility in the fore-and-aft direction in a car found
several resonances, including a first resonance in the range of 4 to 5 Hz (Qiu and Griffin,
2003). In that study, the fore-and-aft transmissibility of backrest was non-linear with
vibration magnitude: the resonance frequency decreased with increasing vibration
magnitude. In previous chapter, it was found that the fore-and-aft transmissibility of car

seat and foam backrest with twelve subjects during fore-and-aft vibration showed
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resonances in the range 4 to 5 Hz, and 3 to 6 Hz, respectively. The transmissibilities of

both backrests were also found to be non-linear with vibration magnitude.

In this study, it was hypothesised that the fore-and-aft transmissibility of a foam backrest
would be non-linear with vibration magnitude, partly due to non-linearity of the body
during fore-and-aft vibration. It was also hypothesised that with increasing foam thickness,
the effective stiffness of the foam backrest would reduce — the foam may become ‘softer’,

and therefore, it is expected that the resonance frequency would be reduced.

5.2.2 Method

5.2.2.1 Subjects

Twelve male subjects, with mean age, weight and stature of 26 years, 69.2 kg and 1.75 m
participated in the study. The experiment was approved by the Human Experimentation,
Safety and Ethics Committee of the Institute of Sound and Vibration Research (ISVR),
University of Southampton. Each subject was asked to complete health questionnaire and

exposure consent from prior to vibration exposure.

5.2.2.2 Vibration generation

The experiment was conducted using a 1-metre electro-hydraulic horizontal vibrator,
designed to reproduce motions suitable and safe for the study of human responses to
vibration (see Figure 3.1, Section 3.2.1.1). The input motion of the vibrator platform was

measured and monitored using Entran EGCS-Y 24-10-D.

5.2.2.8 Seating and transducers

A rigid seat with a rigid backrest was securely mounted on the moving platform. The flat
seat surface had a 3 mm layer of a high stiffness and a high friction rubber in order to
reduce any relative movements between the subjects and the seat due to sliding. Four
blocks of polyurethane foam (540 by 355 mm) with thickness of either 25, 50, 100, or 200

mm were placed between the subjects and the backrest.

Two accelerometers were used to measure vibration: an Entran EGCS-Y 24-10-D and an
SAE-pad conforming to ISO 10326-1 (see Figure 3.6, Chapter 3). The SAE-pad contained
an Entran EGCS-Y-240D*-10. The Entran accelerometer was mounted at the backrest at a
height of 370 mm above the seat surface, while the SAE-pad was attached to the foam

surface at the same level as the backrest accelerometer.
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The arrangement of the experimental equipment is shown Figure 5.1.

FO%W“ Entran
SAE-pad accelerometer
. .
Foam holder /Bigidﬁt
Footrest Floor
accelerometer
[

1 metre hydraulic horizontal vibrator

>

Direction of vibration

Figure 5.1: Experimental set-up.

5.2.2.4 Subject posture

All subjects were asked to wear a safety belt and adopt an upright posture, making full
contact of the upper body with the foam. Their hands rested on their laps and held an
emergency stop button. Their upper and lower legs were approximately horizontal and

vertical, respectively.

52.2.5 Signal generation

All subjects were exposed to five vibration magnitudes (0.1, 0.2, 0.4, 0.8, 1.6 ms™® r.m.s.) of
Gaussian random horizontal vibration with an approximately flat constant bandwidth
acceleration power spectrum over the frequency range of 0.25 to 20 Hz. The vibration
stimuli were generated using a HVILab Data Acquisition and Analysis system (version
3.81). The duration of each vibration exposure was 60 seconds. The acceleration signals
were conditioned and acquired directly into an HVLab Data Acquisition system at 512

samples per second via 170 Hz anti-aliasing filters.
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5.2.3  Analysis

All acceleration data were normalised by the HVLab Data Acquisition system and used to
calculafe the modulus, phase and coherency of the backrest transmissibility in each
condition. Transfer functions between the backrest of the rigid seat and the SAE-pad were
calculated using the ‘cross-spectral density function method’. The transfer function, H(f),
was determined as the ratio of the cross-spectral density of input and output acceleration,

G, (f), to the power spectral density of the input acceleration, G, (f):

Gio (f)
G, (f) (51

H(f)=

The coherency between the backrest of the rigid seat and the SAE-pad were calculated to
provide an indication of the acceleration at the output that was linearly correlated with

the input acceleration:

G, (N

_ el (5.2)
Gii (f) Goo (f)

Coherency, »°,(f) =

where G,_(f ) is the power spectral density of the output acceleration. A resolution of 0.25

Hz was used for the calculation, which gave 60 degrees-of-freedom.

5.2.4 Results

5.2.4.1 Inter-subject variability

An example of the foam backrest transmissibility with twelve subjects when exposed to 0.4
ms? vibration with all foam thicknesses are shown in Figure 5.2. There is-inter-subject
variability but the principal resonance is in the range 1.5 to 3.0 Hz for all subjects, with
the transmissibility at resonance in the range 1.3 to 2.5. Differences in posture between
subjects, as well as variations in body dynamic response may have contributed to the
variations in backrest transmissibility. The coherencies of the transmissibility with all foam

thicknesses for all subjects and vibration magnitudes were high (more than 0.9)
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Transmissibility

Frequency [Hz]

Figure 5.2: An example of inter-subject variability in the fore-and-aft transmissibility of foam
backrest with 12 subjects at a vibration magnitude of 0.4 ms? r.m.s. The figure shows

transmissibility at four different thicknesses of foams.

5.2.4.2 Effect of foam thickness

Individual results showed evidence of reduction in the resonance frequency of the fore-and-
aft transmissibility of the backrests with increasing foam thicknesses (see Appendix B). As
the foam thickness was increased from 100 mm to 200 mm, the change in the resonance

frequency at different vibration magnitude was not systematic

Figure 5.3 shows the median fore-and-aft transmissibility of each of the four thicknesses of
the backrests at each vibration magnitude. The median principal resonance frequency of
the fore-and-aft transmissibility of backrest decreased with increasing foam thickness. With
twelve subjects, the resonance frequency decreased significantly as the foam thickness

increased at all vibration magnitudes (p<0.05, Friedman).

With increasing foam thickness of the backrests from 25 to 100 mm, there was an increase
in the transmissibility at resonance. However, with a 200 mm of foam thickness, the
median transmissibility at resonance was less than the other foam thicknesses, except at
1.6 ms? r.m.s. There was a significant change in the transmissibility at resonance with

twelve subjects with increasing foam thicknesses (p<0.05, Friedman).
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The fore-and-aft transmissibility of backrests differed significantly over four thicknesses of
foam at the centre frequency of each preferred 1/3-octave from 2 Hz to 10 Hz at all
vibration magnitudes (p<0.05; Friedman), except at 2.5 Hz (200 mm) and 10 Hz (25 mm).

Transmissibility
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0 . !
0 5 10 15 20
Frequency [Hz]

Figure 5.3: Median fore-and-aft backrest transmissibility for twelve subjects at with foam thickness

of 25 mm (——), 50 mm (- - --), 100 mm (- - - - — ) and 200 mm (-oeoeeee ).

5.2.4.3 Effect of vibration magnitude

With each foam thickness, the transmissibility of the foam backrest was non-linear with
vibration magnitude on both the individual and median backrest transmissibility (Figure
5.4). The median principal resonance frequency reduced from 4 to 2 Hz when the
vibration magnitude increased from 0.1 to 1.6 ms® r.m.s. With twelve subjects, the
resonance frequency reduced significantly with increasing vibration magnitude for all foam
thicknesses (p<0.05, Friedman). There was a significant change in the resonance frequency
between magnitudes with each foam thickness (p<0.05, Wilcoxon), except between 0.1 and
0.2 ms”?r.m.s. (all foams); 0.1 and 0.4 ms”r.m.s. (50 mm foam); 0.2 and 0.4 ms”r.m.s. (25

and 50 mm foams); 0.4 and 0.8 ms”r.m.s. and 0.8 and 1.6 ms’r.m.s. (200 mm foam).

The median transmissibility at resonance decreased from approximately 1.9 to 1.4 with

increasing vibration magnitude. With twelve subjects, the transmissibility at resonance
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decreased significantly with increasing vibration magnitude for all foams (p<0.05,
Friedman). There was significant change in the transmissibility at resonance between
paired vibration magnitude with each foam (p<0.05, Wilcoxon), except between 0.1 and
0.2 ms?r.m.s. (256 and 50 mm foams); 0.2 and 0.4 ms”r.m.s. (all foams); 0.4 and 1.6 ms™
rm.s. (50, 100 and 200 mm foams); 0.8 and 1.6 ms® r.m.s. (50, 100 and 200 mm foams);
0.2 and 0.8 ms?r.m.s., 0.2 and 1.6 ms® r.m.s., 0.4 and 0.8 ms? r.m.s. (50 and 200 mm

foams)

2 25mm 50 mm

Transmissibility

Frequency [Hz]

Figure 5.4: Median fore-and-aft backrest transmissibility for twelve subjects with all foam
thicknesses at 0.1 ms? r.m.s. (thick line), 0.2 ms?rms. (--—-), 0.4 ms?rms. (—- - - - ), 0.8

ms? r.m.s, (eeemere ) and 1.6 ms® rm.s. (——).

5.2.5 Discussion

Although there was appreciable inter-subject variability in the foam transmissibility, the
general trend for each subject was similar. The extent to which the variability is due to
body characteristics or body posture requires more systematic study of the apparent mass

of the back during fore-aft excitation.

Changing the foam thickness affected the fore-and-aft transmissibility of the foam
backrests. Both the resonance frequency and transmissibility at resonance were

significantly affected. The current study showed that thicker foam had higher
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transmissibility at resonance, and higher transmissibility at frequencies less than the
resonance frequency. In contrast, at frequencies higher than the resonance frequency, the

thinner foam had higher transmissibility than thicker foam at frequencies up to 20 Hz.

With increasing foam thickness, the resonance frequency tended to decrease, except for 200
mm thickness. A similar finding of reducing in resonance frequency with increasing foam
thickness was also found by Ebe and Griffin (2000) — a polyurethane foam with a thickness
of 50 mm had resonance around 4 Hz and the frequency was lower for a 120 mm foam.
When four foams with the same composition but with different thicknesses were
compressed to a compression load at a speed of 100 mm/minute, the thicker foams had
larger deflection and less gradient on the load-deflection curve compared to the thinner
foams (Ebe, 1997). The author concluded that the thicker foam behaved as if it was softer
than thinner foam. The findings of Ebe (1997) and Griffin (2000), together with the
current study, suggest that that an increase in the foam thickness would reduce the foam

stiffness and so reducing the resonance frequency.

As the foam thickness increased from 25 to 100 mm, there was also a significant increase in
the transmissibility at resonance, except for the 200 mm foam. In theory, lower
transmissibility at resonance corresponds to a high damping. The damping characteristic of
foam can be represented by the hysteresis loss in a static load-deflection curve. With
increasing foam thicknesses, there was a reduction in the percentage of the hysteresis loss
(Ebe, 1997). The author suggested that thin foams had greater damping than thick foams.
It is possible that in current study, the 25 mm foam thickness would have greater damping

that the 100 mm thickness.

In the previous chapter, it was found that the fore-and-aft transmissibility of backrests
varied significantly with vertical height above from the seat surface - the transmissibility
around the middle part of the backrest was the greatest. The current study suggests that
by increasing the thickness of the backrests cushion, the transmissibility of the foam
backrest was reduced at frequencies higher than the resonance frequency. This means that
changing the foam thickness can be a useful and a practical method of changing the
dynamic properties of the backrests when designing a seat. However, from this study, it

was only useful over the foam thickness range from 25 to 100 mm.

With vertical vibration, the effect of vibration magnitude has been linked to a ‘softening’
of the seat-person system with increased vibration magnitude that lowers the resonance
frequency. In the previous chapter, the fore-and-aft transmissibility of a car seat and foam
backrests was non-linear with vibration magnitude. It was suggested that the non-linearity
might be due a non-linear response of the body or a non-linear response of the seat, or

both. A similar finding was apparent in the current study: as the vibration magnitude
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increased, the principal resonance frequency and the transmissibility at resonance
decreased. The non-linearity in the seat-person system can be influenced by either the non-
linearity of the body in response to vibration, or the non-linearity of the properties of the
foam. This can be further investigated by measuring the dynamic stiffness of the foams

independently of the human body dynamic response.

5.2.6 Conclusions

With increasing foam thicknesses of the foam backrest, there was a tendency of the
resonance frequency to decrease, although the transmissibility at resonance increased with

increasing foam thickness.

The transmissibility of foam backrests with different thicknesses during fore-and-aft
vibration has been found to exhibit a non-linearity with vibration magnitude: the principal
resonance frequency and transmissibility at resonance decreased with increasing vibration

magnitude.

It is concluded that the vibration transmitted through the backrest can be reduced at
frequencies greater than the resonance frequency (around 4 Hz) with an increase increases

in the foam thickness, and it is a practical and useful way for designing backrests cushion.
5.3 Effect of backrest inclination and seat-pan

inclination

5.3.1 Introduction

Exposures to whole-body vibration in a car involve a variety of sitting postures that partly
depend on the seat design. Car seats have inclined seat-pans and inclined backrests. For
example, in a study of the transmission of vibration to the backrest of a small car by Qiu
and Griffin (2003) the backrest was reclined at 15° to the vertical and the seat-pan was
inclined at 12° to the horizontal, as measured with an SAE-manikin (ISO 5353, 1978). The
seat-pan and backrest inclinations vary between cars and can often be adjusted by the

driver.

Laboratory studies of the vertical transmissibilities of seats have used both car seats (e.g.

Mansfield and Griffin, 1996) and rigid seats supporting foam cushions (e.g. Wel and
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Griffin, 1998c¢). In some studies, the angle between the seat and the backrest has been 90°,
giving an upright posture. Rakheja et al. (2002) suggested that the sitting postures
adopted in automotive seats differed considerably from those used in laboratory studies.
Both an inclined cushion and an inclined backrest were thought to contribute to the
differences in the dynamic responses of subjects compared to a 90° seat-backrest angle. The
authors reported that the apparent masses of subjects sitting in an automotive sitting
posture showed higher fundamental resonance frequencies (i.e. 6.5 to 8.6 Hz) than those
previously reported for subjects with either an upright sitting posture without a backrest

or sitting on a seat with a 90° seat-backrest angle (i.e. 4.5 to 5 Hz).

Backrest inclination has been reported to have little effect on the vertical transmissibility
of a seat (Corbridge et al, 1989). In that study, with one subject, when the backrest was
inclined from 90° to 115°, there was minimal change in the resonance frequency, but the
transmissibility at resonance decreased when the backrest was inclined. Toward (2001) also
noticed a decrease in the vertical transmissibility at resonance of a seat when the backrest
inclination increased from 90° to 110°. Houghton (2003) found that the wvertical
transmissibility at resonance increased as the backrest inclination increased from 90° to
120°. In that study, subjects were exposed to vertical vibration and the transmissibilities of
the seat and the backrest were measured in both the vertical and the fore-and-aft
directions. The ‘cross-axis’ fore-and-aft backrest transmissibility (i.e. the fore-and-aft
vibration of the backrest caused by the vertical excitation) showed a resonance around 4

Hz with the frequency increasing with increasing backrest inclination.

When subjects in a rigid seat with a foam cushion were exposed to random vertical
vibration, there was a tendency towards increased vertical seat transmissibility at
frequencies below the resonance frequency when seat-pan inclination increased from 0° to
20° (Wei and Griffin, 1998a). However, the authors found that seat-pan inclination had
little effect on the resonance frequency of vertical seat transmissibility and that the vertical

transmissibility at resonance decreased with increasing seat-pan inclination.

In Chapter 4, the fore-and-aft vibration transmitted from the floor to a backrest varied
with height above the seat surface. In that study, twelve subjects were exposed to fore-
and-aft vibration in both a car seat and a rigid seat with a foam backrest: the fore-and-aft
transmissibilities of the backrest measured at five locations showed median resonance
frequencies around 4 to 5 Hz for the car seat and in the range of 3 to 6 Hz for the foam
backrest. Although the transmissibilities varied with height on both backrests, the

resonance frequencies showed minimal changes with height for both backrests.

There is little knowledge of factors that influence the fore-and-aft transmissibilities of seat

backrests. Recent studies have found that backrest transmissibility is non-linear with
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vibration magnitude (e.g. Qiu and Griffin, 2003). The transmissibility of a foam backrest is
affected by foam thickness - there was a tendency of the resonance frequency to decrease
with increasing foam thicknesses (see section 5.1). There is no known study of the effect of
the backrest inclination or seat-pan inclination on backrest transmissibility in the fore-and-

aft directioﬁ.

Variations in the inclination of either the seat-pan or the backrest will change the lumbar
curve, partly by rotation of the pelvis (Andersson et al, 1979). Rotation of the pelvis will
alter sitting posture and the biodynamic responses of the body. If the variations in
inclination result in large changes in the fore-and-aft impedance of the back, the
transmissibility of the backrest is likely to change, since the backrest transmissibility is

determined by the dynamic interaction between the back and the backrest.

The objective of this study was to investigate the effects of backrest inclination and seat-
pan inclination on the fore-and-aft transmissibility of the backrest of a car seat and of a
backrest consisting of a rectangular block of solid foam supported on a rigid flat vertical
plate. It was hypothesized that changing the backrest inclination and changing the seat-

pan inclination would change backrest transmissibility.

5.3.2 Method

582.1 Subjects

Twelve male subjects, with ages, weights, statures and seat-to-shoulder heights as shown in
Table 5.1, participated in the study. The experiment was approved by the Human
Experimentation, Safety and Ethics Committee of the Institute of Sound and Vibration
Research (ISVR), University of Southampton. Prior to vibration exposure, each subject

completed a health questionnaire and an exposure consent form.

Table 5.1 Subject age, stature, weight and seat-to-shoulder height.

Age (yrs) Stature Weight (kg) | Seat-to-shoulder height (m)
(m)
Minimum 20 1.64 50 0.58
Maximum 29 1.78 85 0.64
Median 23.8 1.72 67.7 0.62
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532.2 Vibration generation

The experiment was performed in the Human Factors Research Unit at ISVR, University
of Southampton, using an electro-hydraulic vibrator capable of producing a 1-metre peak-
to-peak horizontal displacements (see Figure 3.1, Section 3.2.1.1). The motion of the
vibrator was measured using an Entran EGCSY-240D*-10 accelerometer mounted on the

moving platform.

53283 Seating and transducers

Most of the apparatus (seat, accelerometers, etc.) used in this experiment was the same as
that used in Chapter 4. The two seats were: (i) a car seat (from a popular current family
car) and (ii) a rigid wooden seat with flat surfaces and adjustable backrest and seat-pan
inclinations, with the backrest supporting of a block of polyurethane foam (540 mm by 355
mm by 100 mm).

The car seat had contoured surfaces on the cushion and backrest and weighed 19.3 kg. The
inclination of the backrest could be changed through a built-in mechanism controlled by a
rotating knob, located at the left side of the seat. The seat cushion inclination could be
adjusted through a built-in gear mechanism via a rotating lever located beneath the seat

pan.

A magnetic protractor, capable of measuring angle to the vertical and horizontal, was used
to measure the backrest and seat-pan angles. The protractor was attached at the left side
of the backrest using double-sided adhesive tape when measuring the backrest inclination.
For measuring the seat-pan inclination, the protractor was placed on the uncompressed
surface of the seat cushion. For measurements with the block of foam, the angles of the

wooden backrest and seat-pan were adjusted and then secured using bolts and clamps.

The fore-and-aft acceleration at the back-backrest interface was measured using six Entran
EGA-125F*-10-D accelerometers attached to circular wooden plates (50 mm in diameter),
similar to that employed in Chapter 4. The total weight of each accelerometer with the
wooden block was approximately 5 grams, and is referred to as a ‘mini SIT-pad’. The flat
surface of the plate faced the backrest with the accelerometer on the side adjacent to the

body.

The ‘mini SIT-pads’ were positioned at six locations on the backrest, corresponding to the
locations of specific vertebrae for a 50" percentile male (Singley and Haley, 1978). Table

5.2 lists the locations of the ‘mini SIT-pads’, measured vertically from the seat surface, and
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the corresponding vertebrae. The ‘mini SIT-pads’ were always normal to the surface of the

backrest, and so the orientation of the accelerometer varied with backrest inclination.

The experimental set-up is shown in Figure 5.5.

Adjustable

wooden Six accelerometer
backrest  Foam positions on the
backrest

Rotating

Rigid wooden 3
knob

seat Car seat 2

Rotating
lever

Footrest

P =5
[ 1 [T | | ] L[] [ ]

’7 1 metre hydraulic horizontal vibrator ‘

> Floor
accelerometer

Direction of vibration

Figure 5.5: Experimental set-up.

Table 5.2 Height of the ‘mini SIT-pads’ on the backrests and their approximate locations relative to

spinal vertebrae (from Singley and Haley, 1978).

Location centre of the mini SIT-pad from the position or vertebrae

Vertical distance, measured to the Corresponding spinal

seat surface (mm)

1 200 Pelvis

2 300 Lumbar 1

3 350 Thoracic 12
4 400 Thoracic 11
5 450 Thoracic 9
6 500 Thoracic 7

5.8.2.4

Subject posture and experimental conditions

Subjects adopted a ‘normal’ upright posture throughout the experiment. The posture was

defined as:

‘upper body leaning on the backrest with hands placed on the lap and feet resting



Chapter 5: Factors affecting transmissibility of backrests 150

on the wooden footrest’. The upper and lower legs of subjects were perpendicular to each

other throughout the experiment.

Two conditions were studied: the first investigating the effect of backrest inclination and
the second investigating the effect of seat-pan inclination (Table 5.3). In both conditions,
the backrest transmissibilities were measured in an independent random order of backrest

and seat-pan inclination.

Table 5.3 Experimental conditions.

Car seat Foam backrest

Condition (i): effect of backrest 90°, 95°, 100° and 105° 90°, 95°, 100° and 105°

inclination. with 10° of seat-pan with 0° of seat-pan
inclination inclination

Condition (ii): effect of seat-pan 10° and 15° with 95° of | 0°, 5°, 10° and 15° with

inclination. backrest inclination 90 ° of backrest

inclination

The footrest height was adjusted at each seat inclination to maintain the same leg posture:

upper and lower legs perpendicular to each other at all seat-pan inclinations.

5.32.5 Signal generation

All twelve subjects were exposed to 0.4 ms? r.m.s. of Gaussian random vibration having a
duration of 60 s with a nominally flat constant bandwidth acceleration spectrum over the
frequency range 0.25 to 20 Hz. The vibration stimuli were generated using a HVLab Data
Acquisition and Analysis system (version 3.81). All acceleration signals were conditioned
and acquired directly into the HVLab Data Acquisition system at 512 samples per second

via 170 Hz anti-aliasing filters.

5.3.3  Analysis

The transfer functions between the floor and the backrest surface at each backrest angle
and each seat angle were calculated using the ‘cross-spectral density function method’
using equation 5.1 (see Section 5.2.3). The coherencies of the transfer functions were
calculated using equation 5.2 (see Section 5.2.3). A resolution of 0.25 Hz was used for the
calculation, which gave 60 degrees-of-freedom (i.e. the number of independent variables in

an estimate.
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5.3.4 Results

5.8.4.1 Effect of backrest inclination

Individual results suggested that the resonance frequencies of the fore-and-aft
transmissibility of the car seat backrest at all locations tended to increase with increasing
backrest inclination from 90° to 105° (Figure 5.6). There was also an increase in the
transmissibilities at frequencies between 4 and 8 Hz with increasing backrest inclination, so

the transmissibilities at resonance also increased with increasing backrest inclination.

With the foam backrest, the results from all twelve subjects showed minimal changes in
the resonance frequencies of the fore-and-aft transmissibility of the backrest when the
backrest inclination increased from 90° to 105° (Figure 5.7). There was also little change in

the transmissibilities at resonance as the backrest inclination varied.

Figure 5.8 shows the median fore-and-aft backrest transmissibilities over the twelve
subjects with both the car seat and the foam backrest at all six locations with varying
backrest inclination. There was a resonance around 4 Hz for both backrests at all six
locations. The median resonance frequencies increased as the backrest inclination increased
from 90° to 105° with the car seat, more obviously at the bottom of the backrest (location
1) than at the top of the backrest (location 5). The increase in the resonance frequency of
the car seat with increasing backrest inclination was statistically significant at locations 1
to 2 (p<0.05, Friedman). However, varying the inclination of the foam backrest had no
significant effect on the median resonance frequency at any measurement location (Table

5.4, p>0.05).

Table 5.4 Effect of backrest inclination on the median resonance frequencies of the fore-and-aft

transmissibilities at all six locations for both the car seat and the foam backrest (median data).

Resonance frequency (Hz)
Location Car seat Foam backrest

90° 95° 100° 105° 90° 95° 100° 105°
1 3.75 4.5 4.75 4.75 3.75 4 4.25 4
2 4.25 4.25 4.5 4.5 3.75 3.75 4 4
3 4 4.25 4.5 4.5 3.75 3.9 4 3.5
4 4 4 4 4.5 3.75 3.5 4 3.75
5 4 3.75 4 4.5 3.75 3.5 3.5 3.25
6 4 3.75 4 4.5 3.75 3.5 3.25 3.25
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Figure 5.6: Fore-and-aft backrest transmissibility for twelve subjects with the car seat measured

at location 3 at backrest inclinations of 90° (———), 95° (- — — —), 100° (————— ) and 105°

Figure 5.7: Fore-and-aft backrest transmissibility for twelve subjects with the foam backrest at

location 3 at backrest inclinations of 90° (——), 95° (- - — -), 100° (————-) and 105°
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Figure 5.8: Median fore-and-aft backrest transmissibilities with twelve subjects for both the car

seat backrest and the foam backrest at each of six locations at backrest inclinations of 90°
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For the car seat backrest, the median transmissibilities at resonance increased with
increasing backrest inclination from 90° to 105°, with the influence most obvious at
location 1 (Table 5.5). Statistical analysis with the data from the car seat showed
significant increases in the transmissibility at resonance at =all locations ({p<0.05,
Friedman), except at location 6 (p>0.05). With the foam backrest, increasing the backrest
inclination resulted in a significant reduction in the transmissibility at resonance at the top
of the backrest (i.e. locations 5 and 6, p<0.05), but no significant change at other locations
on the backrest (p>0.05).

Table 5.5 Effect of backrest inclination on the median transmissibilities at resonance for the fore-
and-aft transmissibilities at all six locations for both the car seat and the foam backrest (medians of

12 subjects).

Transmissibility at resonance
Location Car seat Foam backrest

90° 95° 100° 105° 90° 95° 100° 105°
1 1.9 2.48 2.59 2.68 1.91 2.05 2.02 1.97
2 2.19 2.15 2.21 2.36 1.96 1.88 1.88 1.79
3 2.11 2.16 2.17 2.37 2.04 1.98 1.67 1.81
4 2.07 2.10 2.15 2.44 2.11 2.02 2.14 1.85
5 1.67 1.79 1.71 2.01 1.94 1.79 1.68 1.55
6 1.37 1.42 1.41 1.54 1.83 1.63 1.48 1.33

5.8.4.2 Effect of seat-pan inclination

Individual results suggest that increasing the inclination of the seat-pan from 10° to 15° in
the car seat and from 0° to 15° in the foam seat tended to decrease the resonance
frequency in the fore-and-aft transmissibility of both backrests (Figures 5.9 to 5.10). The
transmissibility at resonance increased with increasing seat inclination from 10° to 15° in
the car seat but there were only small changes with the foam backrest when the seat

inclination increased from 0° to 15°.

The median results appear to show a consistent trend with increasing seat-pan inclination:
the resonance frequency tended to decrease with a more inclined seat-pan with both
backrests (Figure 5.11 and Table 5.6). However, the influence of the seat-pan inclination
on the fore-and-aft transmissibility was not statistically significant with either backrest
(p>0.05, Friedman). With increases in seat-pan inclination from 10° to 15°, the median

fore-and-aft transmissibilities of the car seat backrest tended to increase at frequencies



Chapter 5: Factors affecting transmissibility of backrests 155

close to, and below, the resonance frequency, but decrease at frequencies greater than the
resonance frequency. With variations in seat-pan inclination between 0° and 15°, the
median transmissibilities of the foam backrest showed little change at any frequency

between 0.25 Hz and 20 Hz.

Table 5.6 Effect of seat-pan inclination on the median resonance frequencies of the backrest fore-
and-aft transmissibilities at all six locations for both the car seat and the foam backrest (medians of

12 subjects).

Resonance frequency (Hz)
Location Car seat Foam backrest
10° 15° 0° 5° 10° 15°
1 " 4.75 4.25 4.25 4 4 4.25
2 4.5 4.25 3.75 3.75 3.75 3.75
3 4.5 4.5 3.75 3.5 3.5 3.5
4 4.25 3.5 3.5 3.5 3.25
5 4 3.5 3.5 3.5 3.25
6 4 3.5 3.3 3.5 3.25
3 - ;
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Figure 5.9: Fore-and-aft backrest transmissibilities for twelve subjects with the car seat backrest

) and 15° (- —---).

at location 3 at seat-pan inclinations of 10° (
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Figure 5.10: Fore-and-aft backrest transmissibilities for twelve subjects with the foam backrest at
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Figure 5.11: Median fore-and-aft backrest transmissibilities with twelve subjects at each of six
locations for the car seat backrest and the foam backrest at different seat-pan inclinations. Car seat-
pan inclinations: 10° ( ) and 15° (- — - -). Foam backrest seat-pan inclinations: 0° (————),

95° (-~ — -), 100° (—————) and 105° (--eereee ).
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At all measurement locations, there was a significant increase in the median
transmissibility at resonance when the inclination of the seat-pan of the car seat increased
from 10° to 15° (p<0.05, Wilcoxon; Table 5.7). However, increasing the seat-pan
inclination from 0° to 15° had no significant influence on the median transmissibilities at
resonance of the foam backrest at any location (p>0.05, Friedman), except at location 6
(p<0.05; Table 5.7).

Table 5.7 Effect of seat-pan inclination on the median transmissibilities at resonance for the fore-
and-aft backrest transmissibilities at all six locations for both the car seat and the foam backrest

(medians of 12 subjects).

Transmissibility at resonance
Location Car seat Foam backrest

10° 15° g° 5° 10° 15°
1 2.68 2.88 2.12 2.11 2.11 2.07
2 2.27 2.51 1.82 1.95 1.94 1.84
3 2.18 247 1.88 1.95 1.96 1.93
4 2.22 2.38 1.97 2.00 2.02 1.97
5 1.82 2.08 1.74 1.83 1.88 1.85
6 1.50 1.67 1.48 1.60 1.78 1.88

5.3.5 Discussion

In this experimental study, consideration has been restricted to fore-and-aft excitation of
the seats and the fore-and-aft vibration in the seats (i.e. at the back-backrest interface). In
vehicles, the vibration entering the seat and the vibration in the seat is more complex. In a
car, the fore-and-aft vibration on the backrest can arise from fore-and-aft, pitch and
vertical vibration on the floor (Qiu and Griffin, 2003 and 2004). The effects of these
vibration inputs on backrest vibration may differ from the effects of pure fore-and-aft

excitation found in this study.

5.8.5.1 Effect of backrest inclination

The resonance frequencies and transmissibilities at resonance of the car seat increased with
increasing backrest inclination. This is consistent with the results of Houghton (2003) who
exposed subjects to vertical vibration and measured vertical backrest transmissibility and
‘cross-axis’ fore-and-aft backrest transmissibility with various backrest angles using a

similar car seat. The seat was exposed to vertical vibration and the ‘cross-axis’ fore-and-aft



Chapter 5: Factors affecting transmassibility of backrests 159

backrest transmissibility was calculated by computing the transfer function between the
vertical acceleration at the vibrator platform and the fore-and-aft acceleration measured on
the backrest. The ‘cross-axis’ fore-and-aft transmissibility of the backrest showed a
resonance frequency at 4 to 5 Hz, and a transmissibility at resonance that increased with

increasing backrest angle.

For both backrests and every backrest inclination in this study, there was little variation
in the resonance frequencies with vertical position above the seat surface. This is consistent
with the findings in previous chapter (Chapter 4), in which twelve subjects were exposed
to five magnitudes of random fore-and-aft vibration and the transmissibilities were
measured at five locations above the seat surface with both a car seat and a foam backrest
(the same as used in the present experiment). In that study, the resonance frequencies of
the fore-and-aft backrest transmissibilities varied only slightly, but the backrest

transmissibilities showed significant changes with vertical position above the seat surface.

The vibration measured on the backrest in this study was always normal (i.e.
perpendicular) to the backrest and therefore not always horizontal. This is the method
employed when measuring vibration at this location in vehicles according to current
standards. With more inclined backrests, the ‘fore-and-aft’ (i.e. z-axis) component normal
to the seat surface will tend to be reduced in proportion to the cosine of the angle between
the backrest and the vertical. However, the ‘vertical’ (i.e. z-axis) component parallel to the
seat surface will tend to increase in proportion to the sine of the angle between the
backrest and the vertical. The zaxis vibration will tend to become increasingly important
as the backrest inclination increases since the sine of the angle increases rapidly with

increasing angle.

The vibration measured at backrests could be resolved into horizontal and vertical
components. Both fore-and-aft seat transmissibilities and human responses to the seat
vibration could be calculated from the resolved horizontal components. However, because
the reduction in the z-axis vibration is not great with small deviations from 90°, there
would have been only a small effect on the ‘fore-and-aft’ backrest transmissibility measured
in this experiment with backrest inclinations up to 105°. It is anticipated that other effects
(e.g., a change in the impedance of the body, a change in pressure on the backrest, and a
non-linear coupling between ‘vertical’ and ‘fore-and-aft’ vibration of the body) will have

had a greater effect on the fore-and-aft transmissibility.

An increase in the dynamic stiffness of the backrest cushion might partly explain the
observed increase in the resonance frequency with increased inclination of the car seat
backrest. Previous studies have found that the dynamic stiffnesses of foam blocks and seat

cushions increase with increasing pre-load force (Wei and Griffin, 1998). There may have



Chapter 5: Factors affecting transmissibility of backrests 160

been a change in the dynamic stiffness of the car seat backrest due the increased load
supported by the backrest with the more reclined postures. However, the foam backrest
showed no significant change in resonance frequency with variations in inclination from 90°
to 105°, suggesting little change in foam dynamic stiffness associated with the difference in

load at these inclinations.

With the car seat backrest, the changes in the resonance frequencies with variation in
backrest inclination were more obvious at the bottom of the backrest (i.e. locations 1 to 2)
than at other locations. As the backrest inclination increased from 90° to 105°, the load
around this location may have increased and, as a consequence, the variation in dynamic

stiffness of the backrest in this area may have been greater than at other locations.

When exposed to a single axis of vibration, the upper body moves in two axes and so there
are forces at the back in both the fore-and-aft and the vertical directions (Nawayseh and
Griffin, 2004 and 2005a). Some of the forces on the backrest cushion in the present
experiment will have arisen from cross-axis movements of the upper body: fore-and-aft
excitation producing ‘cross-axis’ vertical movement. With variations in backrest
inclination, these cross-axis motions will have had a varying influence on the vibration

measured normal to the backrest surface.

The increase in the resonance frequencies and the increase in the transmissibilities at the
resonance of the fore-and-aft backrest transmissibilities with increasing backrest inclination
for both backrests may be attributed to a combination of several factors: a change in the
biodynamic response of the body with changing posture, a change in the mechanical
properties of the backrest cushion due increased dynamic stiffness of the backrests when
supporting more weight of the body, and components of acceleration in the ‘fore-and-aft’

direction due to the inclined orientation of the accelerometers on the backrest.

Even if the vibration at the back-backrest interface were unchanged with variations in
backrest inclination it would not imply that human response to the vibration was
unaffected by backrest inclination. Studies are required to determine whether the
evaluation method in current standards is appropriate with inclined seats: possibly the
frequency weighting should be adjusted to allow for variations in sensitivity as the

measured ‘fore-aft vibration’ becomes more vertical in an inclined seat.
5.8.5.2 Effect of seat-pan inclination
In comparison with the increases in the resonance frequency and transmissibility at

resonance with increasing backrest inclination, the effects of seat-pan inclination on the

fore-and-aft transmissibility of the car seat backrest were less substantial. There was no
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statistically significant influence of seat-pan angle on the resonance frequencies of the car
seat backrest and only a small increase in the median transmissibilities at resonance as the
seat-pan inclination increased. With the foam backrest, the seat-pan inclination also

showed little influence on the resonance frequency and transmissibility at resonance.

The results suggest that there were only small changes in the dynamic stiffnesses of the
backrests with increased seat-pan inclination and only small change in the mechanical
impedance of the back. However, investigation of vertical and fore-and-aft forces at the
backs of seated subjects exposed to whole-body fore-and-aft vibration with varying seat-
pan inclination may show changes, especially with greater inclinations than investigated

here.

5.3.6 Conclusions

Increasing the backrest inclination of a car seat from 90° to 105° increased both the fore-
and-aft backrest resonance frequency and the backrest transmissibility at resonance. There
was little influence of such changes on the resonance frequency of a foam backrest, but the

transmissibility at resonance increased with the more inclined backrest.

Inclination of the seat-pan had little effect on the resonance frequencies in the fore-and-aft
backrest transmissibility with either backrest. There was a significant increase in the
backrest transmissibility at resonance with the car seat with a more inclined seat-pan

angle, but the foam backrest showed little change.

It is concluded that common variations in backrest inclination are likely to have a greater
effect on the fore-and-aft transmissibility of backrests than common changes in seat-pan

inclination.

5.4 Effect of the push force at the feet and the

horizontal position of the footrest

5.4.1 Introduction

In one study, Radke (1956) investigated the effect of driver’s arm and leg effort on the seat
transmissibility on conventional and suspension seats with backrests when subjects were

exposed to vertical vibration. For both seats, the author found that the transmissibility at
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resonance decreased when the subject pushed against the footrest and the steering wheel.
However, the resonance frequency showed no change for conventional seat but increased

for suspension seat when subjects pushed against the footrest and the steering wheel.

In a different study, variation in the horizontal footrest position had little influence on the
vertical seat transmissibility (Corbridge et al, 1989). In that study, thirty subjects (15
males and 15 females) were exposed to vertical excitation while the feet were supported on
three footrest positions. The footrest positions were: 1) feet flat on the floor in line with the
front of the seat cushion, ii) feet flat on the floor 200 mm from the front of the seat and iii)
feet resting on heels, legs fully extended. The authors found that when the feet were moved
forward from position i) to position ii), there was only little change in the transmissibility.
Likewise, when the legs were further extended from position ii) to position iii), the
transmissibility of the seat only increased slightly over the frequency range 1 Hz to 4 Hz,
and there was only slight decrease in the transmissibility at frequencies greater than 4 Hz

and up to 25 Hz.

This study was aimed to further explore the factors that can influence the fore-and-aft
backrest transmissibility. The effect of push force at the feet and the horizontal position of
the footrest on the fore-and-aft backrest transmissibility were investigated in laboratory
measurements. It was hypothesized that the resonance frequency of the fore-and-aft
backrest transmissibility would increase with increasing push force at the feet while the
hands rested on the laps. This, in part, is due to the effect of stiffening of the back-
backrest system, such that the resonance frequency of the backrest transmissibility would
increase with increasing stiffness of the back-backrest system. It is also hypothesized that
variations in the footrest position would partly change the lower legs posture, and results
in changes in the fore-and-aft impedance of the body and therefore it could affect the fore-

and-aft transmissibility of the backrest.

5.4.2 Method

The apparatus (seat, accelerometers, etc.) used in this study was the same as that used
previously (see Section 5.3). The experiment was conducted using a car seat (Ford Focus,
Zetec), which had contoured surfaces on the cushion and backrest and weighed 19.3 kg.
The inclination of the backrest and seat cushion could be changed through a built-in
mechanism controlled by a rotating knob, located at the left side of the seat, and through

a built-in gear mechanism via a rotating lever located beneath the seat pan, respectively.

Six Entran EGA-125F*-10-D accelerometers were used to measure the fore-and-aft

acceleration at the back-backrest interface. Each accelerometer was attached to a circular
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wooden plate (50 mm in diameter), similar to that employed in a previous study (Section
5.3) and weighed 5 grams (i.e. the combined weight of the accelerometer and the wooden
plate), and is referred to as a ‘mini SIT-pad’. The flat surface of the plate faced the
backrest with the accelerometer on the side adjacent to the body. The ‘mini SIT-pads’
were positioned at six locations on the backrest, corresponding to the locations of specific
vertebrae for a 50" percentile male (Singley and Haley, 1978). Table 5.8 lists the locations
of the ‘mini SIT-pads’, measured vertically from the seat surface, and the corresponding

vertebrae. The ‘mini SIT-pads’ were always normal to the surface of the backrest.

An Entran EGCS-Y 24-10-D accelerometer was attached to the floor beneath the seat

using double-sided adhesive tape so as to monitor the input acceleration.

Table 5.8 Height of the ‘mini SIT-pads’ on the backrests and their approximate locations relative to
spinal vertebrae (from Singley and Haley, 1978).

Location |* Vertical distance, measured to the centre of the Corresponding spinal
mini SIT-pad from the seat surface (mm) position or vertebrae
1 200 Pelvis
2 300 Lumbar 1
3 350 Thoracic 12
4 400 Thoracic 11
5 450 Thoracic 9
6 500 Thoracic 7

One 26-year old subject with a 1.76 m stature and weighing 78 kg participated in the
study. The subject was exposed to 0.4 ms? r.m.s. of Gaussian random vibration with a
nominally flat constant bandwidth acceleration spectrum over the frequency range 0.25 to
20 Hz. The stimulus lasted for 60 seconds in each condition. The vibration stimuli were
generated using a HVLab Data Acquisition and Analysis system (version 3.81). All
acceleration signals were conditioned and acquired directly into the HVILab Data

Acquisition system at 512 samples per second via 170 Hz anti-aliasing filters.

The subject was asked to adopt a sitting posture with the ‘upper body leaning on the
backrest with hands placed on the lap and feet resting on the wooden footrest’. The surface
of the wooden footrest was inclined at 5° from the horizontal. Two factors were
investigated: effect of push force at the feet (Condition 1) and the effect of horizontal
position of the feet (Condition 2).
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For Condition 1, the subject was asked initially to ‘only rest the feet on the footrest’ - this
was regarded as ‘no force’. The backrest transmissibility was measured. Subsequently, the
subject was asked to increase the push force at the feet to either 50 N, or 100 N or 150 N.
The push force applied by the feet on the footrest was measured using electronic scales
placed on the surface of the footrest (Adam Equipment; model: CPW-150; max. load =
150 kg; SN = AE 16000592). The subject was also asked to maintain the force applied

within 4 10% of the required push force by monitoring the panel on the electronic scales.

For Condition 2, the initial position of the footrest was obtained when the lower legs were
perpendicular to the upper legs — this position was regarded as ‘0 mm’. Subsequently, the
horizontal footrest position was positioned at 50 mm, 100 mm and 150 mm forward the ‘0

mim’ position.

The experimental set-up and experimental conditions are shown in Figure 5.12.

Six accelerometer positions on 6
the backrest 5
4

Car seat
3
2

1
Horizontal positions of the
Floor
footrest (2
\ accelerometer

iz =
4 3 2 1

— ]
[ |
1 metre hydraulic horizontal vibrator

G

Direction of vibration

Figure 5.12: Experimental set-up.

5.4.3  Analysis

The acquired signals were normalised to remove any d.c. offset from the time histories
using the HVLab data acquisition system before the transmissibility and the coherency

were calculated. The transmissibilities and coherencies of the backrest at each condition
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were calculated using equation 5.1 and equation 5.2 respectively (see Section 5.2.3). A
resolution of 0.25 Hz was used for the calculation, which gave 60 degrees-of-freedom. The

coherency in each condition was more than 0.9.

5.4.4 Results

5.4.4.1 Effect of the fore-and-aft push force at the feet

The transmissibility of the car seat backrest was greater with the ‘no force’ condition at
the resonance frequency and at frequencies below the resonance frequency than when
additional forces were applied by the feet (Figure 5.13). At frequencies greater than the
resonance frequency, the backrest transmissibility increased with increasing push force at

the feet. A high coherency (more than 0.95) was found in each condition.

The transmissibility of the backrest with ‘no force’ showed a principal resonance frequency
around 4.2 Hz, and increased with increasing push force at the feet. This trend was
“apparent at all six measurement locations on the backrest (Table 5.9). The transmissibility
at resonance, however, tended to decrease with increasing push force at all locations. The
results showed that the transmissibility at resonance reduced from the bottom to the top

of the backrest.

Table 5.9 Resonance frequency and transmissibility at resonance of the fore-and-aft transmissibility

of the backrest with increasing push force at the feet.

Resonance frequency (Hz) Transmissibility at resonance
Location ‘no force’ 50 N 150 N ‘no force’ 50 N 150 N

1 4.5 5.2 5.2 3.2 2.8 2.9
2 4.5 5.0 5.2 2.6 24 2.5
3 4.5 4.7 5.2 2.6 2.3 24
4 4.2 4.5 5 2.8 2.5 2.5
5 4.2 4.5 4.7 24 2.3 2.2
6 4.2 4.5 4.5 1.8 1.7 1.8
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Figure 5.13: Fore-and-aft backrest transmissibility for one subject with car seat backrest with ‘0 N’
( ), 80 N (- - - -) and 150 N (-~———-) of push force at the feet.

5.4.4.2 Effect of the horizontal position of the footrest

There was little influence of the horizontal footrest position on the fore-and-aft
transmissibility of the car seat backrest at frequencies less than the principal resonance
frequency (around 4.7 Hz) with the ‘O mm’ footrest position (Figure 5.14). This trend was
evident at all six measurement locations. Variations in the horizontal position of the
footrest had little effect on the principal resonance frequency of the backrest
transmissibility. However, when the footrest was at 150 mm forward the ‘0 mm’ position,

the principal resonance frequency reduced to 4.5 Hz at locations 2 to 6.

At frequencies greater that the principal resonance frequency and up to 10 Hz, the
transmissibility of the backrest tended to decease with increasing horizontal distance of the
footrest. The transmissibility of the backrest, however, tended to increase at frequencies

greater than 10 Hz with increasing horizontal distance of the footrest, except at location 1.



Chapter 5: Factors affecting transmissibility of backrests 167

3 Location 8 o Location 3

Transmissibility

Location 4

Frequency [Hz]

Figure 5.14: Fore-and-aft backrest transmissibility for one subject with the car seat at ‘0 mm’

(—), 80 mm (- - — =), 100 mm (—————) and 150 mm (e ) of horizontal footrest

positions.

5.4.5 Discussion

5.4.5.1 Effect of the fore-and-aft push force at the feet

The results with one subject suggest that the stiffness of the back-backrest system may
increase with increasing push force at the feet, and so increase the resonance frequency —
also known as the ‘stiffening’ effect. Previous studies have found that the dynamic stiffness
of a foam cushion increased with increasing pre-load on the foam (Wei and Griffin, 1998c).
An increased resonance frequency in a backrest transmissibility with increased force at the
feet, as found in this study, may be partly due to increased dynamic stiffness of the
backrest cushion as a result of the increased force on the backrest cushion. A study of the
effect of push force at the feet on the apparent mass of the back during fore-and-aft

excitation merits further investigation.

The results of the current study showed that the transmissibility at resonance decreased
with increasing push force, although the resonance frequency increased with increasing
push force against the footrest. This is similar to the results found by Radke (1956), whose

exposed subject seated on a suspension seat to vertical excitation and measured the
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vertical transmissibility while subject was asked to apply push force at the feet against the
footrest -and push against the steering wheel using their hands. In that study, the
resonance frequency of the vertical transmissibility of the suspension seat increased from
2.1 Hz to 2.8 Hz, and the transmissibility at resonance decreased when subject pushed
against the steering-wheel and applied push force at the feet. The results of this study,
together with the results of Radke (1956), suggest that the resonance frequency in the
transmissibility of seats would increase when subjects apply additional push force at either
the feet, or against the steering-wheel, as the results of increasing stiffness in the seat-

seated person system.

5.4.5.2 Effect of the horizontal position of the footrest

Corbridge et al. (1989) reported that by moving the feet forward 200 mm from a position
in line with the front of a seat cushion, and subsequently further forward to a position
where the subjects could just rest their feet on their heels, had little influence on the
transmissibility of seat in the vertical direction. In the current study, the effect of footrest
position on the fore-and-aft backrest transmissibility was small. The resonance frequency in
the transmissibility of the backrest showed only small changes, suggesting little change in
either the stiffness of the body or backrest. A study investigating the apparent mass of the
back with variations in the leg postures (i.e. variations in the horizontal footrest position)

merits further investigation.

5.4.6 Conclusion

Results of one study showed that with increasing push force at the feet, the resonance
frequency of the backrest transmissibility increased, although the transmissibility at
resonance reduced. Varying the horizontal footrest position had little influence on the fore-

and-aft backrest transmissibility.

The results of this study suggest that during fore-and-aft vibration, the application of the
force at the feet has greater effect on the backrest transmissibility than a change in the

fore-and-aft position of the footrest.
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Fore-and-aft apparent mass of the

back

6.1 Introduction

When seated persons are exposed to whole-body vibration, dynamic forces are applied to
the body by the supporting seat surface and a backrest. The forces can be measured and
used to calculate the mechanical impedance, or apparent mass, of the body at the seat and

the backrest.

The apparent mass provides information on the dynamic responses of the human body that
can assist the development of biodynamic models and advance understanding of the
coupling between the body and compliant seating. There have been extensive studies of the
apparent mass of seated persons in the vertical direction (Fairley and Griffin, 1989;
Mansfield and Griffin, 2002; Matsumoto and Griffin, 2002; Nawayseh and Griffin, 2003 and
2004). With vertical excitation, the human body shows a clear resonance at 4 to 5 Hz (e.g.,
Fairley and Griffin, 1989) that has been associated with a mode of the entire body
(Kitazaki and Griffin, 1997; Matsumoto and Griffin, 2001), although variations in body
posture or muscle tension can alter this resonance frequency (Mansfield and Griffin, 2002;

Matsumoto and Griffin, 2002).

Some studies have investigated the apparent mass of the seated body in horizontal
directions; i.e. with fore-and-aft or lateral excitation (e.g., Fairley and Griffin, 1990;
Holmlund and Lundstrém, 1998 and Mansfield and Lundstrém, 1999a). Most
measurements of the apparent mass of the body have been obtained with subjects seated

on rigid seats without a backrest
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With both vertical and horizontal excitation, a backrest will contribute to the dynamic
forces applied to a seated person. With vertical vibration, a backrest may produce a shear
force on the back, stiffening the upper body and increasing the resonance frequency
(Mansfield and Griffin, 2002 and Nawayseh and Griffin, 2004). With fore-and-aft vibration,
a backrest may also restrict body movements: without a backrest, the fore-and-aft
apparent masses of seated persons have been found to have resonances at 0.7 Hz and 2.5
Hz, but with a backrest only one resonance was evident, around 3.5 Hz (Fairley and
Griffin, 1990). The authors of that study suggested that the increase in the resonance
frequency with the backrest was due to stiffening of the upper body.

With seated subjects exposed to whole-body fore-and-aft vibration in a rigid seat, three
resonances in apparent masses have been found from the forces and accelerations at a flat
backrest: less than 2 Hz, 3 to 5 Hz and 4 to 7 Hz (Nawayseh and Griffin, 2005a). The first
and third resonances were clearer at low vibration magnitudes than at high magnitudes. In
another study, a first resonance around 3 Hz was evident in the ‘cross-axis’ fore-and-aft
apparent mass of the back when subjects were exposed to vertical vibration (‘cross-axis’
apparent mass is calculated from the force in a direction other than the direction of
excitation and the acceleration in the direction of excitation; Nawayseh and Griffin, 2004).
In the same study, all subjects showed a ‘cross-axis’ fore-and-aft resonance of the back

between 5 and 10 Hz, with two peaks evident in this frequency range.

Without a backrest the apparent mass of the seated human body in the fore-and-aft
direction is non-linear with vibration magnitude: the resonance frequency of the second
peak (i.e. around 2.5 Hz) decreasing with increasing vibration magnitude - but the
vibration magnitude appears to have no effect on the first peak around 0.7 Hz (Fairley and
Griffin, 1990). A similar non-linearity: i.e. a reduction in the frequency of the principal
resonance frequency around 3 to 5 Hz with increasing vibration magnitude has been
reported by Holmlund and Lundstrém (1998). Nawayseh and Griffin (2005b) found that
the fore-and-aft apparent mass of the back during fore-and-aft excitation of seated subjects

was similarly non-linear with vibration magnitude.

The study of the fore-and-aft transmissibility of backrests, as described in Chapter 4,
showed that the transmission of vibration through backrests varied significantly across the
vertical height of the backrest from the seat surface. This might partly be caused by the
variations in the dynamic stiffness of the backrest and partly by differences in the apparent
mass of the back at different locations on the back with other points unsupported. The
present study was designed to investigate the forces at different locations on the back when
subjects were exposed to whole-body fore-and-aft excitation. It was hypothesised that the
apparent mass of the back would vary with the location on the back. The fore-and-aft

backrest transmissibility was also found to be non-linear with vibration magnitude: the
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resonance frequency decreased with increasing vibration magnitude. The non-linearity of
the backrest transmissibility in the fore-and-aft direction was probably due to the non-
linearity of the impedance of the human body with vibration magnitude. Hence, it was also
expected that with increasing level of the magnitude of the vibration, the apparent mass of
the back will respond non-linearly, such that the resonance frequency will decrease with

increasing vibration magnitude.

6.2 Method

6.2.1 Subjects

Twelve male subjects, with ages, weights, statures and seat-to-shoulder heights as shown in
Table 6.1, participated in the study. The experiment was approved by the Human
Experimentation, Safety and Ethics Committee of the Institute of Sound and Vibration
Research (ISVR), University of Southampton. Prior to vibration exposure, each subject

completed a health questionnaire and an exposure consent form.

Table 6.1 Subject age, stature, weight and seat-to-shoulder height.

Age (yrs) | Stature (m) | Weight (kg) | Seat-to-shoulder height (m)
Minimum 20 1.64 50 0.58
Maximum 29 1.78 85 0.64
Median 23.8 1.72 67.7 0.62
6.2.2 Apparatus
6.2.2.1 Vibration generation

The experiment was performed using an electro-hydraulic vibrator in the Human Factors
Research Unit at ISVR, University of Southampton, capable of producing a 1-metre peak-
to-peak horizontal displacement. The motion of the vibrator was measured using an

Entran EGCSY-240D*-10 accelerometer mounted on the moving platform.
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6.2.2.2 Seating and transducers

A vrigid seat with a horizontal flat rigid seat-pan and a vertical flat rigid backrest was
securely mounted on the vibrator platform. A force platform (Kistler 9421A) capable of
measuring forces normal to the backrest surface was secured on the rigid flat vertical
backrest of the seat. The force plate (600 mm by 400 mm) consisted of four quartz force
transducers. The signals from each of the force transducers were summed and conditioned
using a Kistler 5007 charge amplifier. The acceleration of the backrest was measured using
an Entran EGCSY-240D*-10 accelerometer positioned 350 mm above the horizontal seat

surface.

A wooden block (600 mm by 120 mm by 50 mm) was placed between the force platform
and the back at one of five different heights so as to measure the fore-and-aft force at the
back at different heights above the seat surface. The block was securely attached to the
surface of the force platform using clamps. The five areas were obtained by dividing the
height of the force platform into five equal bands, with each band 120 mm in height. Table
6.2 lists the vertical distance of each location, measured from the horizontal seat surface to

the centre of the block at each location.

Table 6.2 Location of the wooden block on the force plate with the corresponding height, measured

from the seat surface to the centre of the block at each location.

Vertical distance, measured from the centre of the block at each

Location location to the seat surface (mm)

60
180
300
420
600

W N

The arrangement of the experimental equipment is shown in Figure 6.1.
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Figure 6.1: Experimental set-up.

6.2.2.83 Subject posture

A loose safety belt was fastened around the subjects for safety but did not impinge on their
movements. Subjects were asked to sit so as to make contact between their backs and the
wooden block and maintain the same posture throughout the experiment. For
measurements with the entire back in contact with the backrest, the wooden block was
removed. Subjects were instructed to adopt upright posture with the back leaning against

the backrest.

With the wooden block at locations 1 and 2, there was a gap between the middle and
upper back and the force plate of only 50 mm (i.e. the thickness of the wooden block). In a
preliminary study, when a subject was exposed to fore-and-aft vibration, the middle and
upper back were observed to ‘accidentally’ touch the force plate when the wooden block
was positioned at either location 1 or location 2. To prevent any effect on the force
measurements at these locations, subjects were instructed to maintain the sitting posture

and avoid the back touching the force plate directly.

The legs of subjects’ rested on a horizontal footrest with the height of the footrest adjusted
for each subject so as to make the upper and lower legs horizontal and vertical,
respectively. The hands of subjects rested on their laps and held an emergency stop

button.
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6.2.2.4 Signal generation

A Gaussian random signal with a duration of 60 s-and a nominally flat constant bandwidth
acceleration spectrum over the frequency range of 0.25 to 10 Hz was generated by using a
HVLab version 3.81 Data Acquisition and Analysis system. Each subject was exposed to
five vibration magnitudes (0.1, 0.2, 0.4, 0.8, 1.6 ms? r.m.s.). All acceleration signals were
conditioned and acquired directly into the HVLab Data Acquisition system at 512 samples

per second via 170 Hz anti-aliasing filters.

6.2.3  Analysis

All acquired signals were normalised to remove any d.c. offset from the time histories using
the HVLab data acquisition system before they were used to calculate the apparent mass

at the back.

The apparent masses of the back at five locations were calculated using the cross-spectral

density method (CSD):

F (o) (6.1)
a(w)

My (o) =

where M (@), is the apparent mass of the back, F'(@), is the cross-spectral density of
the force and acceleration, and a(@), is the power spectral density of the input
acceleration. The results are a complex function that is capable of giving modulus and

phase. A resolution of 0.25 Hz was used, which gave 60 degrees-of-freedom.

6.2.3.1 Mass cancellation

The measured fore-and-aft forces at the back were influenced by the apparent mass of the
subject, the mass of the force plate supported on the force transducer, the mass of the
wooden block and also the masses of the clamps. Hence, a method of mass cancellation (i.e.
the force acting on the plate of the force platform is subtracted from the total measured
force acting with the subject and the plate) by using equation 3.9 (see Section 3.4.2.1) was
applied to subtract the masses ‘above’ the force plate (28.8 kg for the plate, 1.2 kg for the
wooden block, 0.8 kg for the clamps) from the measured fore-and-aft apparent mass of the

back at each location.
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6.3 Results

6.3.1 Apparent mass of the back at five locations above the

seat surface

Inter-subject variability was observed in the apparent masses of the backs of the twelve
subjects at all five locations. There was a tendency towards less variability at greater
vibration magnitudes at all locations, and less variability at locations 4 and 5 at

frequencies greater than 6 Hz at all vibration magnitudes (Figure 6.2).

There was a first peak in the apparent mass around 2 Hz in most individual data and at
all locations — although most visible at the middle and the lower back (locations 1 to 3). A
second, clearer, peak was present around 4 to 5 Hz at the upper back (locations 4 to 5),
and at a higher frequency at the middle and the lower back (locations 1 to 3) — between 5
and 8 Hz. A third peak, around 7 Hz, appeared in the responses of a few subjects — clearer

at locations 3 and 4 at 0.2, 0.4 and 0.8 ms” r.m.s.

The coherencies were generally high (more than 0.85) at all locations, except at frequencies
less than 5 Hz at 0.1 ms? r.m.s. and greater than 5 Hz at 1.6 ms” r.m.s. at all locations
(where coherencies were less than 0.85). This might have arisen from noise in the system at
the lowest vibration magnitude and a tendency of the back to lose contact with the

wooden block at the highest magnitude.
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Figure 6.2: Inter-subject variability in the apparent masses and phases of the backs of twelve

subjects at five locations above the seat surface at a vibration magnitude of 0.8 ms? r.m.s.
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An example of typical moduli and phases of the apparent mass at all locations for one
subject are shown in Figure 6.3. At 0.5 Hz, there were high forces at the lower back, with
decreasing forces with increasing height above the seat surface. A first peak around 1 to 2
Hz is visible at all locations — more pronounced at the middle and the lower back (i.e.
locations 1 to 3) with a frequency around 1 Hz and with a greater apparent mass at
resonance than at the upper back (i.e. locations 4 to 5). A second peak is evident between
5 and 8 Hz — clearer at the middle and the lower back, but not very clear at the upper

back at lower frequencies (between 4 and 5 Hz).

A trough in the apparent mass was observed between 2 and 4 Hz at the middle and the
lower back. However, high forces were observed at the upper back at these frequencies,
with a tendency to become a peak. Generally, forces at the lower back were greatest at
frequencies less than 1.5 Hz and at frequencies greater than 5 Hz, whereas between 1.5 and

5 Hz the middle back produced greatest forces.

Clear differences with location above the seat surface can be seen in the individual
apparent masses of the backs of the 12 subjects (Figures 6.4 to 6.5). At low frequency (0.5
Hz), there was a significant difference in apparent mass at the different locations (p<0.05,
Friedman). The moduli of the apparent masses at the lower back (locations 1 to 2) were
greater than at the middle and the upper back (locations 3 to 5). There was also a
significant difference in apparent mass over the five measurement locations at all vibration
magnitudes and at each preferred 1/3-octave centre frequency from 1 to 10 Hz (p<0.05,
Friedman), except at 6.3 Hz (at 0.1 ms” r.m.s.) and at 10 Hz (at 0.4 and 0.8 ms” r.m.s).

At 0.5 Hz, there was an increasing phase shift, by up to approximately 28° (0.5 radians),
from the upper to the lower back at all vibration magnitudes (see Figures 6.2-6.3, 6.5). The
phase shift was observed in the results of all subjects, although the extent of the phase

shift varied between subjects and vibration magnitudes.
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Figure 6.3: Example of a typical apparent mass moduli and phases measured at of the back of

one subject at 0.8 ms? r.m.s.
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Figure 6.5: The effect of measurement location on the phases of the apparent masses measured at

the backs of twelve subjects at a vibration magnitude of 0.8 ms? r.m.s.: location 1 (thick line),
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6.5.1.1 Effect of vibration magnitude

The apparent masses at the back varied non-linearly with vibration magnitude at all five
locations (Figures 6.6 to 6.7). The resonance frequencies and the apparent masses at
resonance tended to decrease with increasing vibration magnitude at all locations. At each
location and at each preferred 1/3-octave centre frequency, from 1 Hz to 10 Hz, the
statistical significance of the variations in the modulus of the apparent masses were
investigated. The apparent mass at the lower and upper back (locations 1 and 5) varied
non-linearly with vibration magnitude at frequencies greater than 5 Hz and 1.25 Hgz,
respectively (p<0.05, Friedman). The apparent mass around the middle back (locations 2
to 4) varied non-linearly at frequencies greater than 2.5 Hz (p<0.05).
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Figure 6.6: Effect of vibration magnitude on the fore-and-aft apparent masses measured at the

), 0.2 ms? r.m.s. (- -+ -), 0.4 ms?

backs of twelve subjects at location 3: 0.1 ms™? r.m.s. (

rms. (————— ), 0.8 ms? rom.s. (verveeens ) and 1.6 ms? r.m.s. (thick line).



Chapter 6: Fore-and-aft apparent mass of the back

181

60

Location 5

-

P
PR\ YO

Apparent mass [kg]

Phase [rad]

60

Location 1

-3

Frequency [Hz]

Figure 6.7: Effect of vibration magnitude on the median moduli and phases of the fore-and-aft

apparent masses of the back at each of five locations: 0.1 ms? rm.s. (———), 0.2 ms” r.ms.

(----),0.4 ms? r.ms. (

) and 1.6 ms™ r.m.s. (thick line).



Chapter 6: Fore-and-aft apparent mass of the back 182

6.3.2 Apparent mass of the entire back

The large subject variability in the fore-and-aft apparent masses of the back at the five
locations was also present'in the fore-and-aft apparent masses of the entire backs of ten
subjects (Figure 6.8). (Note: the results of subjects 1 and 2 were excluded due to an

experimental problem).

A first peak in the apparent mass around 2 Hz was observed in most of the ten subjects. A
second, more pronounced peak was observed between 4 and 6 Hz. A third, less profound

peak, was noticed in some of the individual responses between 7 and 8 Hz.
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Figure 6.8: Inter-subject variability in the moduli and phases of the apparent mass of the entire

back of ten subjects at 0.8 ms? r.m.s.

There were positive correlations between total body mass and the modulus of the apparent
mass of the entire back at low frequency (0.5 Hz) (p<0.05, Spearman). However, body
stature and the seat-to-shoulder height were not significantly correlated with the apparent
mass of the entire back at 0.5 Hz (p>0.05). The frequency of the first peak of the apparent
mass of the entire back (around 2 Hz) was positively correlated with total body mass at all
vibration magnitudes (p<0.05), except at 1.6 ms™® r.m.s., but there were no significant

correlations between the second and third peak and total body mass (p>0.05). The
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statures and seat-to-shoulder heights of the subjects were also uncorrelated with the

apparent mass of the second and third peaks (p>0.05).

6.3.2.1 Effect of vibration magnitude

With an increase in vibration magnitude, there were reductions in the modulus of the
apparent mass and increases in the phase lag measured with the entire back. The changes
were statistically significant at frequencies greater than 5 Hz (p<0.05, Friedman; Figure
6.9).

60

P23
o

N
o

Apparent mass [kg]

U L 1 1 1
0 T T T T
-
e
e N

= RN
@ -1 NN
® ~
o A o

2 1 1 ] i

2 4 8 10

Frequency [HZ]

Figure 6.9: Effect of vibration magnitude on the median moduli and phases of the fore-and-aft
apparent mass of the entire back with ten subjects. 0.1 ms? r.m.s. (——), 0.2 ms? r.m.s.

(----),04ms? rms. (————-), 0.8 ms? r.m.s. (oo ) and 1.6 ms? r.m.s. (thick line).
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6.3.3 Comparison of the apparent mass of the back measured

at five locations and with the entire back

The median apparent mass of the back at each location for ten subjects was compared
with the median apparent mass of the entire back for the same ten subjects (Figure 6.10).
At frequencies less than 2 Hz, the forces of the entire back were 30% greater than those of
the upper back and 10% greater than that those of the middle back. The forces of the back
near the shoulder area (location 5) were about half those of the entire back. The forces at
the lower back were 40% greater than those of the entire back. At frequencies greater than
2 Hz, the forces of the entire back were greater than at any of the five locations on the
back. The forces at the back near the shoulder area were the least — 50% less than the
entire back. Generally, at frequencies below 7 Hz, the forces of the entire back showed -
similar trends to those of the middle back, but the former produced greatest force. At
frequencies greatef than 7 Hz, the response of the entire back was closest to the response

at location 2 (the lower back).
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Figure 6.10: Comparison of median moduli and phases of the apparent masses of the back at five
locations with the median apparent mass of the entire back at a vibration magnitude of 0.8 ms?
r.m.s. Key: Location 1 ( ); Location 2 (= — ~ -); Location 3 (~——~—); Location 4 (- );
Location 5 ( ); Entire back (~0—0—c—0—). (Median of 10 subjects).
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6.4 Discussion

In previous studies, sitting posture has been found to affect the apparent mass of the body
measured on the seat in the vertical excitation, with increasing apparent mass on the seat
between 4 and 8 Hz and increasing resonance frequency of the apparent mass when the
posture changed from ‘slouched’ to ‘very erect’ ~ consistent with a ‘stiffening’ of the body
(e.g. Fairley ad Griffin, 1989). There is no known study of the effects of such variations in
sitting posture on the apparent mass at a backrest during fore-and-aft excitation. With a
rigid vertical backrest, a change in posture (e.g. ‘relaxed’ to ‘erect’) will change the
curvature of the spine, may alter the location of the interface between the back and the
backrest and the location of the vibration input to the back. A ‘relaxed’ posture will tend
to result in less upper-back contact with a backrest but more contact around the middle
back, whereas an ‘erect’ posture will tend to have more contact with a backrest in the
lower and the upper back. The five locations studied here may resemble the various
interface points between the back and a rigid flat backrest with different sitting postures.
A cushioned backrest will tend to follow the contours of the back and so some contact over
the entire back may occur irrespective of variations in the curvature of the spine in

different postures.

6.4.1 Modes of vibration of the body

The three peaks in the apparent masses of the back observed in this study are consistent
with the peaks found by Nawayseh and Griffin (2005a), who exposed twelve subjects to
four magnitudes of fore-and-aft vibration and measured the apparent mass of the entire
back in the fore-and-aft direction and the ‘cross-axis’ apparent mass in the vertical and
lateral directions. They found a first peak in the fore-and-aft apparent mass of the entire
back at a frequency less than 2 Hz, with a second peak between 3 and 5 Hz, and a third
peak in the frequency range 4 to 7 Hz. A previous study by the same authors found that in
subjects exposed to vertical vibration the ‘cross-axis’ fore-and-aft apparent mass at the
back had a principal resonance between 5 to 10 Hz, with evidence of a first resonance in

the range 2 to 3 Hz for some subjects (Nawayseh and Griffin, 2004).

During vertical excitation, a bending deformation of the spine between 2 and 3 Hz results
in two body modes associated with fore-and aft motion of the head and the pelvis in
opposite phase and in phase, respectively (Kitazaki and Griffin, 1997), and a pitching
mode in the pelvis (Matsumoto and Griffin, 2001). If the body has a pitching mode during

vertical excitation at 2 to 3 Hz, the same mode may be expected to occur during fore-and-
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aft excitation. Nawayseh and Griffin (2005a) reported a first peak of the apparent mass of
the entire back at a similar frequency (1 to 2 Hz), when they exposed seated subjects to
whole-body fore-and-aft excitation. They suggested that the first mode at the back might
be associated with a pitching mode of the body. In this study, the first peak at the back
was observed at 2 Hz, with the peak clearer at the middle and lower back. This, together
with the findings of previous studies, suggests that the first peak in the apparent mass of

the back in the fore-and-aft direction may be associated with a pitching mode of the pelvis.

In this study, the upper back showed a second resonance around 4 to 5 Hz, while the
middle and lower back showed second peaks at higher frequencies (around 5 and 8 Hz).
When using a backrest, there is a pronounced peak in the transmission of fore-and-aft seat
vibration to the head around 6 Hz (Paddan and Griffin, 1988b). A pitching mode of the
head and a bending mode of the entire spine around 5 Hz have been extracted from a
modal analysis of the human body in the vertical direction using a finite element model of
the human body (Kitazaki and Griffin, 1997). It seems possible that the second resonance
of the apparent mass of upper back may be associated with combined pitching of the head

and bending of the entire spine and the upper body.

A bending mode of the lumbar and the lower thoracic spine of the body during vertical
vibration has been reported at 5.6 Hz, which may arise from pitching motion of the upper
body (Kitazaki and Griffin, 1998). The authors also found pitching in the pelvis around 8
Hz. Possibly, the second peak in apparent mass at the middle and lower back are
associated with a mode of the entire body involving combined bending in the lower

thoracic spine and pitching of the pelvis and the upper body.

A third peak was found around 7 Hz, and was clearest at the middle back. Nawayseh and
Griffin (2005) reported a third broad peak in the frequency range of 4 to 7 Hz in the fore-
and-aft apparent mass of the entire back, but they did not suggest any associated mode. A
resonance at approximately 6 Hz has been reported in the transmission of vertical seat
vibration to fore-and-aft vibration at the abdomen (Mansfield and Griffin, 2000). Fore-and-
aft transmissibilities to the tenth thoracic spine (T10) also showed a resonance around 6
Hz (Matsumoto and Griffin, 2001). Although it is not clear which body mode was
assoclated with the third resonance of the apparent mass of the back found here, it may
have been influenced by the same mechanisms producing peaks in the fore-and-aft

transmissibility to the abdomen and the lower spine during vertical excitation.
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6.4.2 Biodynamic responses at low frequency (i.e. near 0 Hz)

During vertical excitation at very low frequencies (near to 0 Hz), the human body is rigid:
the vertical apparent mass of a seated body is approximately equal to its static sitting
mass and the force and acceleration are in phase. In the fore-and-aft direction, the
interaction between the back and backrest are more complex. The results of this study
suggest that at low frequencies (i.e. near to static conditions), the fore-and-aft forces at the
back vary with the location of measurement: forces at the lower back were greater than at
the middle and upper back and not solely determined by the acceleration and the mass in

contact with the backrest.

If the back was only coupled to the backrest, it would be reasonable to expect the mass of
the back to equal the apparent mass at low frequencies (similar to the static mass of the
body equalling the low frequency vertical apparent mass of a person sitting without
support from a backrest or footrest). With the subjects supported in the current
experiment on a surface that oscillated them backwards and forwards with the same
vibration as appeared at the back, the situation is more complex, and the measured
apparent mass different from that which would have been measured without this
movement at the supporting seat. Other studies have found that during fore-and-aft
excitation without a backrest but with feet supported and exposed to the vibration, the
apparent mass of the body measured on a seat at low frequencies was about 80% of the
subject static mass (Nawayseh and Griffin, 2005b), but this reduced to about 35% of the
static mass when a vertical backrest was present (Nawayseh and Griffin, 2005a). The
apparent mass of the back measured in this study indicates the forces present at the back
when the seat and back move together. During low frequency fore-and-aft oscillation, the
sum of the forces at back, the seat and the feet would be expected to equal the product of

the acceleration and the subject static mass.

The positive correlation between subject mass and the apparent mass of the entire back at
low frequencies (e.g. 0.5 Hz) in the current study means that heavier subjects produced a
greater apparent mass of the back than lighter subjects at low frequencies. Fore-and-aft
excitation was applied by a vertical surface normal to the surface of the backs of subjects,
similarly to vertical vibration being applied normal to the horizontal surface that supports
a seated person. A large part of the variability in the apparent masses of subjects
measured at surfaces supporting seated persons during vertical excitation is due to
differences in subject weights on the seat (Fairley and Griffin, 1989). It seems possible that
somme of the variability in fore-and-aft apparent mass at the back in the current study was

also due to differences in subject mass.
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At low frequencies there were increasing phase shifts between the force and the
acceleration as the measurement location moved down from the upper back to the lower
back (Figures 6.2 to 6.3). In addition to the influence of vibration on the supporting seat
surface, the phase shifts may have arisen from reduced coherency at low frequencies as a
result of measurement noise (e.g. due to, the body losing contact with the back — as may
be expected at greater vibration magnitudes). Alternatively, the phase shift may have
arisen from some muscle activity attempting to stabilise the body and maintain an upright
posture during low frequency oscillation. Matsumoto and Griffin (2002) found a phase shift
in the apparent mass of the body when subjects were exposed to sinusoidal vertical
vibration. The authors suggested that the phase shift could have been caused by the
variation in the vibration magnitude or it could be related to change in the back muscle
activity. Previous study by Robertson and Griffin (1989) found gradual increased in the
amplitude of the EMG (electromyographic) activity from the erector spinae muscle over
the first cycle of the sinusoidal oscillation around 2 Hz and 4 Hz. Based on the studies of
Matsumoto and Griffin (2002) and Robertson and Griffin (1989), may suggest that the

phase shift observed at low frequencies is likely to arise from some muscle activity.

6.4.3  Variation in apparent mass of the back

When subjects with foot height adjusted to produce ‘average thigh contact’ on a seat were
exposed to vertical vibration, the ‘cross-axis’ fore-and-aft apparent mass at the back was
greater than when there was ‘maximum thigh contact’ or their feet were hanging, but the
‘cross-axis’ fore-and-aft apparent mass was greatest when there was ‘minimum thigh
contact’ (Nawayseh and Griffin, 2004). The authors suggested that when the feet were
raised (i.e. minimum thigh contact), a greater contact force between the back and the
backrest might have arisen from push forces applied by the feet reacting to the pitch
motion of the body, and this may have also increased the fore-and-aft dynamic force on the
backrest during vertical excitation. During fore-and-aft vibration, a backrest may provide
postural stability and reduce some effects of vibration, in particular at frequencies less than
4 Hz (Nawayseh and Griffin, 2005a). However, the fore-and-aft vibration at the backrest
may increase the vibration at frequencies greater than 4 Hz and may also cause the body
to pitch, and result in a reaction force from the feet to -control the pitching motion
(Nawayseh and Griffin, 2005a). The variation of the force at the back during fore-and-aft
excitation as found in the current study may arise from the variations in push force at the

feet reacting with pitch movements of the upper body during fore-and-aft excitation.

At frequencies less than 2 Hz, the apparent mass of the back at locations 1 and 2 were
greater than the apparent mass of the entire back. Possibly, this may have arisen from

some push force at the feet to react with the pitching motion of the body as the rest of the
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upper back were not in contact with the force platform. Although at low frequencies, the
backrest may provide postural stability and reduce some effects of vibration, prior to the
experiment, the preliminary run showed that there was a tendency of the subject to
‘accidentally’ touch the force platform at these locations and some ‘active control of the
muscle within the body’ is required to maintain the upright posture due to the upper part
of the back being unsupported and can freely sway forward and backward in response to

vibration.

Alternatively, the increase of the apparent mass of the back at these two locations
compared to the entire back may have arisen from the effect of the vibration on the seat
surface. At these location, the forces may come from the shear force between the thigh and
the seat surface, although these forces (between the thigh and the seat surface) were not

measured in the current study.

6.4.4 Non-linearity of the body with vibration magnitude

Previous studies have found that the response of the body is non-linear with vibration
magnitude during vertical excitation — the resonance frequency of the body decreases with
increasing vibration magnitude (e.g. Sandover, 1978; Fairley and Griffin, 1989; Mansfield
and Griffin, 2000; Mansfield and Griffin, 2002; Matsumoto and Griffin, 2002 and Nawayseh
and Griffin, 2003 and 2004). The causes of the non-linearity are not understood but may
include muscle activity and non-linear mechanical properties of the soft tissues (Huang,
2004). It has been suggested that the non-linearity seen in biodynamic responses during
vertical excitation is associated with involuntary changes in muscle tension within the
body (e.g. Fairley and Griffin, 1989). With increases in vibration magnitude, Matsumoto
and Griffin (2002) found that the resonance frequency of the body decreased when both
the buttock and abdomen muscles were tensed and they suggested the non-linearity may
be partly caused by involuntary changes in muscle tension. A few studies have monitored
the activity of muscles using electromyography (EMG) and observed phasic contractions of
erector spinae muscles in subjects exposed to whole-body vertical or lateral vibration at
low frequencies (e.g. Seidel et al., 1986 and Robertson and Griffin, 1989). There is a
variation in muscle activity with vibration magnitude (Robertson and Griffin, 1989) that

may cause, or contribute to, the non-linearity.

A few studies have investigated the non-linearity of the body during fore-and-aft
excitation, mainly measuring the response at a seat surface supporting subjects without
backrest (e.g. Fairey and Griffin, 1990; Mansfiled and Lundstérm, 1999, Holmlund and
Lundstrém, 1998; Nawayseh and Griffin, 2005b). When seated with a backrest, Nawayseh
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and Griffin (2005a), found that the apparent mass of the back varied non-linearly with

vibration magnitude, similarly to the present study.

6.4.5 Biodynamic model

Biodynamic models of seated persons in the vertical direction generally have one
connecting point at the interface between the seat and the body, assumed to be at the
principal load-bearing area around the ischial tuberosities (e.g. Fairley and Griffin, 1986;
Wei and Griffin, 1998c and Nawayseh, 2002). The principal area bearing the static load
between the back and a backrest may either be the lower back (around the lumbar area),
or the middle back, or the whole back (Andreoni et al, 2002). The present study has
shown that the fore-and-aft dynamic response of the back is highly dependent on the
location on excitation of the back. This suggests that a dynamic model of the back of a
seated person should be represented by at least two points representing two different
responses of the back, the middle and lower back, and the upper back. A biodynamic
model of the fore-and-aft response of a combined backrest and body may need to represent
the impedance of the back at these locations, as well as the fore-and-aft impedance of the
body at the interface between the buttocks and the seat surface. Such a model of the back
might be combined with a backrest cushion model so as to predict, and optimise, backrest

transmissibility.

6.5 Conclusions

Three resonances were evident in forces measured at the back-backrest interfaces of seated
subjects exposed to fore-and-aft vibration. A first resonance around 2 Hz was visible at all
five measurement locations on the back. There was a clearer, second, resonance between 4
and 5 Hz at the upper back (and with the entire back), and between 5 and 8 Hz at the
middle and lower back. A third resonance was observed around 7 Hz at all locations,

although only for some subjects.

The forces at the back varied greatly with location on the back. The lower back showed
greatest force and the upper back showed the least force. The forces measured with the
entire back differed from those measured at all five locations, but showed some similarity

with forces at the middle back.

The apparent mass of the back measured at all locations, and with the entire back, was
significantly non-linear: the principal resonance frequency and the apparent mass at

resonance tended to decrease with increasing vibration magnitude.
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The results suggest that biodynamic models of the seated human body used to predict fore-
and-aft vibration at the back, including the transmission of fore-and-aft vibration through

backrests, should recognize the variation in forces with both measurement location and

vibration magnitude.



Chapter 7

Factors affecting apparent mass of

the back

7.1 Introduction

In Chapter 6, the apparent mass of back showed a principal resonance frequency around 5
Hz during fore-and-aft excitation. It also vary non-linearly with vibration magnitude: the
principal resonance frequency of the apparent mass of the back tended to decrease with
increasing vibration magnitude It is anticipate that there are many factors that can affect
the apparent mass of the back during fore-and-aft vibration. This chapter describes studies
conducted to explore the factors that could affect the apparent mass of the back during
exposure to whole-body fore-and-aft vibration. The effect of backrest inclination, seat-pan
inclination, push force at the feet and horizontal footrest position on the apparent mass of

the back were investigated.
7.2 Effect of backrest inclination and seat-pan

inclination

7.2.1 Introduction

Exposure to whole-body vibration in one direction can cause the body to respond in a
direction other than the direction of excitation — a ‘cross-axis’ response. Matsumoto and
Griffin (2002) found that during vertical excitation, the ‘cross-axis’ fore-and-aft forces at

the seat varied up to 40% of the static weight of subjects. With vertical excitation,
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Nawayseh and Griffin (2003 and 2004) measured the forces in the vertical, fore-and-aft and
lateral directions on a seat without backrest (Nawayseh and Griffin, 2003) and on both a
seat and backrest (Nawayseh and Griffin, 2004). On a seat without backrest they found
high vertical forces and appreciable ‘cross-axis’ fore-and-aft forces, with low ‘cross-axis’
lateral forces (Nawayseh and Griffin, 2003). On a seat with a rigid vertical backrest, the
vertical forces on the seat were increased at frequencies greater than 5 Hz, but the vertical
forces on the backrest were low (Nawayseh and Griffin, 2004). The backrest modified the
‘cross-axis’ fore-and-aft forces on the seat and there were considerable fore-and-aft forces at
the backrest, whereas the ‘cross-axis’ lateral forces on the seat and the backrest were
relatively low. Nawayseh and Griffin performed similar studies with fore-and-aft excitation,
both without a backrest (Nawayseh and Griffin, 2005b) and with a rigid vertical backrest
(Nawayseh and Griffin, 2005a). Without a backrest they found high fore-and-aft forces on
the seat and considerable ‘cross-axis’ vertical forces on the seat, but ‘cross-axis’ lateral
forces were relatively small (Nawayseh and Griffin, 2005b). With a backrest, there were
high fore-and-aft forces at the backrest and the fore-and-aft forces on the seat depended on
support for the feet (whether supported or not). The ‘cross-axis’ vertical forces were high
on the seat but not on the backrest, while the forces in the lateral direction were low on
both the seat and the backrest (Nawayseh and Griffin, 2005a). The findings of Matsumoto
and Griffin (2002) and Nawayseh and Griffin (2003, 2004, 2005a and 2005b), confirm that
the body produces high forces on a seat and a backrest in the direction of excitation, and
also show that there are appreciable ‘cross-axis’ forces on a seat and a backrest when the

body is exposed to vertical or fore-and-aft excitation.

During vertical excitation, the biodynamic responses of a seated person can be affected by
many factors, including sitting posture (e.g. ‘erect (stiff)’ or ‘slouched (relaxed)’) or seating
conditions (e.g. with or without a backrest, or inclined seat-pan, or inclined backrest). It
has been suggested that when subjects adopt an erect sitting posture the body stiffness
increases and the resonance frequency of the apparent mass of the body also increases
(Fairley and Griffin, 1989 and Kitazaki and Griffin, 1998). A relaxed sitting posture (i.e.
‘slouched’) may reduce tension in the body and reduce the resonance frequency (Fairley

and Griffin, 1989).

Sitting postures are influenced by the seat. A vertical backrest affects the apparent mass of
the body during vertical vibration (Fairley and Griffin, 1989 and Wang et al., 2004). With
vertical excitation, Rakheja et al. (2002) measured the vertical apparent mass on a seat
while subjects adopted an automotive sitting postures (i.e. inclined seat-pan and inclined
backrest); the apparent mass of subjects had higher principal resonance frequencies (i.e. 6.5
to 8.6 Hz) than previously reported with either an upright sitting posture without a

backrest or sitting on a seat with a vertical backrest and horizontal seat-pan (i.e. 4.5 to 5
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Hz; Fairley and Griffin, 1989; Mansfield and Lundstrom, 2002 and Nawayseh and Griffin,
2004).

With fore-and-aft excitation, Nawayseh and Grifﬁﬁ found three peaks in the fore-and-aft
apparent mass measured on the seat with no backrest (at about 1 Hz, between 1 and 3 Hz
and between 3 and 5 Hz; Nawayseh and Griffin, 2005b). When a vertical backrest was
used, they found only one resonance (between 2 and 6 Hz) on the seat, with an additional

resonance between 1 and 2 Hz in a ‘feet hanging’ posture (Nawayseh and Griffin, 2005a).

Although a rigid vertical backrest modifies the responses of the body on the seat during
fore-and-aft excitation, there is little knowledge of factors that influence the fore-and-aft
forces and ‘cross-axis’ vertical forces at the backrest during fore-and-aft excitation. In
Chapter 6, the fore-and-aft apparent mass of the back is non-linear with vibration
magnitude. Nawayseh and Griffin (2005a) reported that both the fore-and-aft and ‘cross-
axis’ vertical response at the backrest were non-linear with vibration magnitude when

subjects were exposed to fore-and-aft excitation.

The present study investigated the effect of backrest inclination and seat-pan inclination
on the fore-and-aft apparent mass of the back and the ‘cross-axis’ vertical apparent mass
of the back during fore-and-aft whole-body excitation. It was expected that considerable
force would be found at the backrest in the vertical direction. It was hypothesised that
changing the backrest inclination and the seat-pan inclination would change the sitting
posture, thus altering the apparent mass of the back in the fore-and-aft and ‘cross-axis’

vertical directions.

7.2.2 Method

7.2.2.1 Subjects

The experiment was conducted with twelve male subjects with the median and ranges of
the age, weight, stature and seat-to-shoulder height as listed in Table 7.1. The experiment
was approved by the Human Experimentation, Safety and Ethics Committee of the
Institute of Sound and Vibration Research (ISVR), University of Southampton. Prior to
vibration exposure, each subject completed a health questionnaire and an exposure consent

form.
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Table 7.1 Subject age, stature, weight and seat-to-shoulder height.

Age (yrs) Stature Weight (kg) | Seat-to-shoulder height (m)
(m)
Minimum 20 1.64 50 0.58
Maximum 29 1.78 85 0.64
Median 23.8 1.72 67.7 0.62
7.2.2.2 Vibration generation

Fore-and-aft vibration was produced by wusing a 1-metre peak-to-peak horizontal
displacement electro-hydraulic vibrator, available in the Human Factors Research Unit at
the ISVR, University of Southampton (see Figure 3.1, Chapter 3). The fore-and-aft
motion of the vibrator platform was measured using an Entran EGCSY-240D*-10

accelerometer (see Figure 3.3a, Chapter 3) mounted on the moving platform.

7.2.2.8 Seating and transducers

A wooden rigid seat, with an adjustable seat-pan and backrest was securely mounted on
the vibrator platform. Both the seat-pan and the backrest had flat surfaces. A tri-axial
force platform (Kistler 9821B; see Figure 3.9a, Chapter 3) capable of measuring forces in
three directions simultaneously (i.e. z, y and z) was secured to the flat backrest of the
wooden seat so as to measure the forces at the back of seated person with varying backrest
inclinations. The force plate (600 mm by 400 mm by 20 mm) consisted of four quartz
piezoelectric force transducers. The force signal from each of the force transducers in both

directions were summed and conditioned using Kistler 5007 charge amplifiers.
Figure 7.1 shows the experimental set-up.

7.2.2.4 Subject posture and experimental conditions

Two conditions were studied: the first investigated the effect of backrest inclination and
the second investigated the effect of seat pan inclination (Table 7.2). In both conditions,
the forces on the backrest were measured in the ‘fore-and-aft’ direction (normal to the
force platform) and in the ‘cross-axis vertical’ direction (parallel to the force platform).
The conditioned were presented in an independent random order of backrest, or seat-pan

inclinations.
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When varying the backrest and seat-pan inclination, the vertical height of the footrest on
the vibrator platform was adjusted for each subject so as to make the upper and lower legs
perpendicular to each other. In every condition, subjects were asked to ‘maintain full
contact of the upper body against the backrest with upper and lower legs always
perpendicular to each other’.

Adjustable
wooden
backrest

Force platform

Rigid wooden | T
seat

Adjustable seat-panr—\

‘Footrest |

1T - IT

1 metre hydraulic horizontal&)rator

— Floor
accelerometer

Direction of vibration

Figure 7.1: Experimental set-up.

Table 7.2 Experimental conditions (Note: All inclinations were measured from the horizontal).

Parameters tested
Condition (i): effect of backrest 90°, 95°, 100° and 105° with 0° of seat-pan
inclination. inclination
Condition (ii): effect of seat-pan 0°, 5°, 10° and 15° with 95 ° of backrest
inclination. inclination
7.2.2.5 Signal generation

All subjects were exposed to 0.4 ms? r.m.s. of a Gaussian random vibration having a
duration of 60 s with a nominally flat constant bandwidth spectrum over the frequency

range of 0.25 to 10 Hz. The vibration stimuli were generated using HVLab Data
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Acquisition and Analysis system (version 3.81). All acceleration and forces signals were
conditioned and acquired directly to the HVLab Data Acquisition system at 512 samples

per second via 170 Hz anti-aliasing filters.

7.2.3  Analysis

Components of acceleration normal and parallel to the backrest (i.e. the force platform)
could be related to the forces measured normal and parallel to the backrest so as to
calculate the fore-and-aft apparent mass and the ‘cross-axis’ vertical apparent mass of the
back. However, with constant fore-and-aft acceleration but increasing backrest inclination,
the magnitudes of the accelerations in these directions changed during the experiment. As
a consequences, the calculated ‘fore-and-aft’ and ‘cross-axis vertical’ apparent mass of the
back at different backrest inclinations will have varied due to the combined effects of

changing backrest angle and the non-linearity of the body.

Alternatively, the fore-and-aft apparent mass of the back and ‘cross-axis’ vertical apparent
mass of the back could be calculated from the force measured normal to the backrest
surface, f}, and the force measured parallel to the backrest, £, , resolved into fore-and-aft
components (fy, and [y, ; Figure 7.2) and vertical components ( Fp,and £, ; Figure 7.2).
The ‘true’ fore-and-aft apparent mass of the back and the ‘true’ ‘cross-axis vertical’
apparent mass of the back could then be calculated from the applied fore-and-aft
acceleration, a, and the resultant forces in the fore-and-aft and wvertical directions.
However, since previous studies have shown that the response of the body is non-linear in

both direction, this simple resolving and adding of force components may not be suitable.

FFvlFVv Fv’aw

Fr,ag

Fre, Fys. af

Figure 7.2: Forces and acceleration vectors diagram at the backrest.
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In this study, at each backrest inclination, the measured forces on the backrest (i.e. the
force normal to the backrest surface, Fj, and the forces parallel to the backrest surface,
F, , were compared directly with the applied fore-and-aft acceleration, a;, to give what is
called here the ‘fore-and-aft’ apparent- mass of the back and the ‘cross-axis vertical’
apparent mass of the back (see Figure 7.2). Both frequency response functions were

calculated using the cross-spectral density method:

. Frlw)
Mpp (W) = 2, @) (71.1)
or
Fyw)
My, (W) =
BY a, (W) (7.2)

where M . (W), is the ‘fore-and-aft’ apparent mass of the back (or the ‘cross-axis vertical’
apparent mass of the back, My, (w) ), Fi (w), is the cross-spectral density of the normal
force and acceleration (or the cross-spectral density of the parallel force and acceleration,
Fy, (w)) and a; (w), is the power spectral density of the input acceleration. The results are

complex functions capable of giving modulus and phase.

7.2.8.1 Mass cancellation

The measured ‘fore-and-aft’ and ‘cross-axis vertical’ forces at the back were influenced by
the apparent mass of the subject and the mass of the force plate supported on the force
transducer. Hence, mass cancellation was applied in the time domain so as to remove the
effect of the mass of the aluminium plate of the force platform (15 kg) mounted ‘above’ the
force cells at each backrest inclination. The force produced by the aluminium plate of the
force platform in the ‘fore-and-aft’ direction (i.e. normal to the backrest) was 15 kg x
acceleration x cosine 0 (assuming 90° for an upright backrest and 6 is small angle from the
upright backrest) and was subtracted from the measured ‘fore-and-aft’ force, Fy. Likewise,
the force produced by the aluminium plate of the force platform in the ‘cross-axis vertical’
direction (i.e. parallel to the backrest) was 15 kg x acceleration x sine § (assuming 90° for
an upright backrest and 0 is small angle from the upright backrest) and was also
subtracted from the measured ‘cross-axis vertical’ force, F',. The ‘corrected’ ‘fore-and-aft’
and ‘cross-axis vertical’ forces at the backrest at each backrest inclination were used to

calculate the ‘fore-and-aft’ and ‘cross-axis vertical’ apparent masses of the back.
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7.2.4 Results

7.2.4.1 Effect of backrest inclination

7.2.4.1.1 ‘Fore-and-aft’ apparent mass

The ‘fore-and-aft’ apparent masses of the backs of all twelve subjects with varying backrest
inclinations are shown in Figure 7.3. The ‘fore-and-aft’ apparent mass of the back tended
to decrease with increasing backrest inclination at frequencies less than 7 Hz - more
obvious between 4 Hz and 7 Hz. At frequencies greater than 7 Hz, the apparent mass
increased with increasing backrest inclination. A clear resonance around 5 Hz is apparent
in some of the individual results (e.g. subjects 1,2 and 12) with the frequency decreasing
with increasing backrest inclination. The apparent mass at resonance also tended to

decrease with increasing backrest inclination.

There was a little ‘unusual’ trend of the apparent mass of the back in the results of subject
7 at frequencies less than 4 Hz for all conditions. However, since the coherency between
0.25 to 10 Hz was high for that subject, it was decided to include the results in the median

calculation.

The median ‘fore-and-aft’ apparent mass of the backs of the twelve subjects showed similar
trends to the individual results: with increasing backrest inclination, the apparent mass of
the back tended to decrease at frequencies less than 7 Hz but increase at frequencies
greater than 7 Hz (Figure 7.4). The median results suggest a principal resonance around 5
Hz with an upright backrest (i.e. 90°), with the frequency decreasing with increasing
backrest inclination. When the backrest inclination was varied from 90° to 110°, there was
a significant difference in the apparent mass at each of the preferred 1/3-octave centre
frequencies, from 0.25 Hz to 10 Hz (p<0.05, Friedman), except at 0.25 Hz, 3.15Hz and 4
Hz (p>0.05.
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Figure 7.3: ‘Fore-and-aft’ apparent mass of the back for twelve subjects at backrest inclination of
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Figure 7.4: Median moduli and phases of the ‘fore-and-aft’ apparent mass of the back with twelve

subjects at backrest inclination of 90° (———), 95° (- - - -), 100° (————- ), 105° (

115 ° (thick line).



Chapter 7: Factors affecting apparent mass of the back 201

7.2.4.1.2 ‘Cross-axis vertical’ apparent mass

The twelve subjects showed a consistent trend: the ‘cross-axis vertical’ apparent mass of
the back increased with a more inclined backrest (Figure 7.5). There was a clear resonance
frequency around 5 Hz with upright backrest, with the resonance frequency decreasing
with increasing backrest inclination. The apparent mass at resonance increased with

increasing inclination of the backrest.

The median ‘cross-axis vertical’ apparent masses of the twelve subjects increased with
increasing backrest inclination. At each preferred 1/3-octave centre frequency, from 0.25
Hz to 10 Hz, the ‘cross-axis vertical’ apparent mass of the back increased significantly with

increasing backrest inclination (Figure 7.6; p<0.05, Friedman).

The median resonance frequency of the ‘cross-axis vertical’ apparent mass of the back
decreased significantly when the backrest inclination was increased from 90° to 110°
(p<0.05). The median apparent mass at resonance increased significantly when the

backrest inclination increased from 90° to 110° (p<0.05).
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Figure 7.5: ‘Cross-axis vertical’ apparent mass of the back for twelve subjects at backrest

inclination of 90° ( ), 95° (- - —-), 100° (————— ), 1052 (eeeeeeees ) and 115 ° (thick line).
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Figure 7.6; Median moduli and phases of the ‘cross-axis vertical’ apparent mass of the back with
twelve subjects at backrest inclination of 90° (———), 95° (- - - -), 100° (=———— ), 105°
(rremmevens ) and 115 ° (thick line).

7.2.4.2 Effect of seat pan inclination

7.2.4.2.1 ‘Fore-and-aft’ apparent mass

As the seat-pan inclination increased from 0° to 15°, there was little change in the ‘fore-
and-aft’ apparent mass of the back at lower frequencies (i.e. less than 4 Hz), but tendency
for the apparent mass to increase at frequencies greater than 4 Hz (Figure 7.7). The seat-
pan inclination had no obvious systematic influence on the resonance frequency of the

‘fore-and-aft’ apparent mass of the backs of the twelve subjects.

The median ‘fore-and-aft’ apparent mass of the backs of the twelve subjects is shown in
Figure 7.8. At frequencies less than 4 Hz, there was no statistically significant in the ‘fore-
and-aft’ apparent mass of the back at preferred 1/3-octave centre frequencies, from 0.25 Hz
to 4 Hz (p>0.05, Friedman). However, at each preferred 1/3-octave centre frequency, from
5 to 10 Hz, the ‘fore-and-aft’ apparent mass of the back increased significantly with

increasing seat-pan inclination from 0° to 15° (p<0.05).
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Figure 7.7: ‘Fore-and-aft’ apparent mass of the back for twelve subjects at seat-pan inclination of

0° (*_), 5° (- -- -), 10° (————— ) and 15° (-eeeeeeee ).
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Figure 7.8: Median moduli and phases of the ‘fore-and-aft’ apparent mass of the back with twelve

subjects at seat-pan inclination of 0° (——), 5° (- — — -), 10° (————— ) and 15° (+eoeeeeene ).
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7.2.4.2.2 ‘Cross-axis vertical’ apparent mass

Increasing seat-pan inclination had little influence on the ‘cross-axis vertical’ apparent
mass of the back of twelve subjects (Figure 7.9). There was a resonance around 4 Hz but
the resonance frequency was not systematically affected by the seat-pan inclination.

Varying the seat-pan inclination also had little influence on the apparent mass at

resonance.

Figure 7.10 shows the median ‘cross-axis’ vertical apparent mass of the backs of the twelve
subjects at the four seat-pan inclinations. There was no significant change in the ‘cross-axis
vertical’ apparent mass of the back due to seat-pan inclination at preferred 1/3-octave
centre frequencies, from 0.25 Hz to 10 Hz (p>0.05, Friedman), except at 5 Hz and 6.3 Hz
(p<0.05). With varying seat-pan inclination, there was also no significant change in the
principal resonance frequency or apparent mass at resonance of the ‘cross-axis vertical’

apparent mass of the back among the twelve subjects (p>0.05).
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Figure 7.9: ‘Cross-axis vertical’ apparent mass of the back for twelve subjects at seat-pan
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Figure 7.10: Median moduli and phases of the ‘cross-axis vertical’ apparent mass of the back with

twelve subjects at seat-pan inclination of 0° (——), 5° (- - — -), 10° (————— ) and 15°

7.2.5 Discussion

7.2.5.1 Effect of analysis method

The ‘fore-and-aft’ and ‘cross-axis vertical’ apparent masses of the back were calculated
such that the measured ‘fore-and-aft’ force at the backrest (i.e. the force normal to the
backrest), F,, and the ‘cross-axis vertical’ force at the backrest (i.e. the force parallel to
the backrest) were compared with the true fore-and-aft acceleration, a, (Method A). The
‘fore-and-aft’ apparent mass of the back could have been calculated by comparing the
normal forces at the backrest to the resolved fore-and-aft acceleration component, a (Le.
‘fore-and-aft acceleration normal to the backrest; see Figure 7.2). Likewise, the parallel
forces to the backrest could have been compared with the resolved ‘vertical’ acceleration,
a,, (i.e. parallel to the backrest) so as to obtain the ‘cross-axis vertical’ apparent mass of
the back at each backrest inclination (Method B). The acceleration normal to the backrest
will reduce with increasing backrest inclination, proportion to the cosine of the angle
between the backrest and the vertical. The acceleration parallel to the backrest will
increase with increasing backrest inclination, proportion to the sine of the angle between

the backrest and the vertical. Example results are shown in Figures 7.11 to 7.12.
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Differences between the ‘fore-and-aft’ apparent mass of the back calculated using Method
A (as presented in this chapter) and Method B are small. This is due to the small
reduction in the ‘fore-and-aft’ acceleration with small deviations from the vertical.
However, there were large differences in the ‘cross-axis vertical’ apparent mass between the
two analysis methods. This is due to the great increase of the ‘cross-axis vertical’
acceleration. which is proportional to the sine of the angle of the backrest inclination. The
‘cross-axis vertical’ apparent mass calculated using Method B therefore showed different

trends in the response from those given by Method A.
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Figure 7.11: Comparison of the apparent masses of the back at five backrest inclinations of one
subject using analysis method A (calculated from the forces measured normal to the backrest and
the applied fore-and-aft acceleration; top graph) and method B (calculated from the forces
measured normal to the backrest and the resolved ‘fore-and-aft’ acceleration at the backrest, i.e.
normal to the backrest; bottom graph). Key: 90° (———), 95° (- — — -), 100° (————-), 105°
( ........... ) and 115 ° (—_)
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Figure 7.12: Comparison of the ‘cross-axis’ vertical apparent masses of the back at five backrest
inclinations of one subject using analysis method A (calculated from the forces measured parallel
to the backrest and the applied fore-and-aft acceleration; top graph) and method B (calculated
from the forces measured parallel to the backrest and the resolved ‘vertical’ acceleration at the
backrest, i.e. parallel to the backrest; bottom graph). Key: 90° (———), 95° (- - - -), 100°
(== ), 105° (creerevenne ) and 115 ° (———).

7.2.5.2 Effect of backrest inclination

7.2.5.2.1 ‘Fore-and-aft’ apparent mass

The ‘fore-and-aft’ apparent mass of the back showed a resonance around 5 Hz with a
vertical backrest (i.e. 90°), but the frequency decreased with Iincreasing backrest
inclination. Demic et al. (2002) found that the resonance frequency in fore-and-aft seat-to-
head transmissibility during fore-and-aft excitation decreased when the backrest inclination
was increased from an upright backrest (i.e. 90°) to 104° with subjects adopting a driving
position (i.e. hands on the steering wheel). A change in body posture when sitting with a
more inclined backrest might change the body responses — in this study it might be
inferred that the body stiffness reduced.

Alternatively, the percentage of the body mass supported on the seat and the inclined
backrest differ from that when seated with a vertical backrest. Anderson et al. (1979)
reported decreased myoelectric activity (reflecting decreased muscle activity) in the lumbar
area with a more inclined backrest, and inferred that the decrease was associated with a

reduction in the disc pressure, possibly due to a transfer of body weight to the backrest.
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When subjects adopted an automotive sitting posture (i.e. with inclined seat-pan and
inclined backrest), the percentage of the body mass supported on the seat was 70%, while
around 30% was supported on the inclined backrest (Rakheja et al., 2002). With vertical
excitation, Wang et al (2004) found a resonance frequency in the whole-body apparent
mass around 5 Hz with an upright backrest, with the resonance frequency increasing when
the backrest was inclined up to 12° from the vertical. A decrease in the proportion of the
body mass supported on the seat with the inclined backrest may, in part, cause the
resonance frequency of the whole-body apparent mass to increase. By analogy with the
findings with vertical vibration (Rakheja et al., 2002 and Wang et al., 2004), a decrease in
the resonance frequency of the ‘fore-and-aft’ apparent mass of the back may be partially

due to an increased proportion of the mass of the body being supported on the backrest.

The reduced resonance frequency in the ‘fore-and-aft’ apparent mass of the back with
increased backrest inclination may be attributed to a combination of changes in the
biodynamic responses of the body with changing posture and an increased proportion of

the body mass supported on the backrest with a more inclined backrest.

If the backrest were inclined further than the vertical, the backrest would receive
additional loading in the ‘fore-and-aft’ direction (i.e. normal to the backrest) - the
apparent mass of the back in the ‘fore-and-aft’ direction will change. Although more mass
is supported on the backrest with greater inclined backrest, it could be expected that the
‘fore-and-aft’ apparent mass of the back and the resonance frequency would reduce. This is
due to the reduction in the ‘fore-and-aft’ vibration at the backrest (i.e. normal to the
backrest), which is proportion with the cosine of the angle between the backrest and the
vertical (i.e. 90°). Therefore, the influence of the additional load would affect the resonance

frequency of the ‘fore-and-aft’ apparent mass of the back.

In Chapter 5, it was found that the resonance frequency of the  ‘fore-and-aft’
transmissibility (i.e. the transmissibility in a direction normal to the backrest surface)
increased with increasing backrest inclination. The current results suggest that an increase
in the resonance frequency of the ‘fore-and-aft’ backrest transmissibility may be partly due
to an increase in the dynamics stiffness of the backrest cushion with a more inclined
backrest, which can be associated with an increase body mass supported on the backrest

cushion.

During vertical vibration and at low frequencies, i.e. near 0 Hz, the apparent mass of the
body at this frequency is approximately equal to the subject static weight supported by
the seat, which is approximately 75% of subject’s weight (Griffin, 1990; Wei and Griffin,
1998¢ and Nawayseh and Griffin, 2004). It may be expected that at the same frequencies,

the apparent mass of the back during fore-and-aft excitation equals to the mass of the back



Chapter 7: Factors affecting apparent mass of the back 209

supported on the backrest. In Chapter 6, the apparent mass of the back at low frequency
was found to be approximately 45% of the subjects’ weight. However, during static
condition, the forces measured at vertical backrest were approximately 10% of the subject’s
weight (Nawayseh and Griffin, 2005a). An increase in the forces of the back at the
backrest during fore-and-aft excitation compared to the forces at the backrest in static
condition suggests that the forces at the backrest do not directly indicate the total mass of
the back supported on the backrest. This is because they indicate forces at the back when
the seat and the backrest move together. The increase in the forces at the back at low
frequencies during fore-and-aft excitation may be the results of the involuntary push force
at the feet which pushes the body to lean to the backrest in reacting with the pitching
motion of the upper body.

The ‘fore-and-aft’ forces at the back with a vertical backrest (i.e. 90°) were greatest at
frequencies between 4 and 8 Hz. In Chapter 6, the body exhibited a mode around 5 Hz,
and it is suggested that this mode was associated with the entire body bending in the
lower thoracic spine and pitching in the pelvis and the upper body. The high ‘fore-and-aft’
forces against the vertical backrest at frequencies between 4 and 8 Hz may arise from push
forces at the feet reacting with pitching movements of the body and pushing the back
against the backrest. This would increase the static and dynamic ‘fore-and-aft’ forces at
the backrest. With a more inclined backrest, the upper body ‘rests’ against the backrest,
and possibly the centre of gravity (COG) of the body moves forward. Therefore, the forces
required to stabilise the body are no longer needed since the body does not pitch forward

beyond the COG.

7.2.5.2.2 ‘Cross-axis vertical’ apparent mass

Nawayseh and Griffin (2005a) found ‘cross-axis vertical’ forces at the back when sitting
against an upright backrest during fore-and-aft excitation. In a single subject study, they
found that the resonance frequency of the ‘cross-axis vertical’ apparent mass of the back
varied between 5 Hz and 7 Hz during fore-and-aft vibration, depending on the vibration
magnitude. The current study also shows the ‘cross-axis vertical’ apparent mass of the
back with a resonance around 5 Hz when sitting against an upright backrest, but the
frequency decreased with increasing backrest inclination. The reduction in the resonance
frequency with increasing inclination may partly be attributed to increased mass supported

on the backrest in the ‘cross-axis vertical’ direction (i.e. parallel to the seat back).

A previous study found low ‘cross-axis vertical’ forces at an upright backrest for one
subject during fore-and-aft excitation (Nawayseh and Griffin, 2005a) and it was suggested

that ‘the low vertical forces at the back were the results of some vertical motion of the spine
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accompanying the pitching mode of the pelvis, spine and upper body’. In the current study,
the ‘cross-axis vertical’ apparent mass of the back with an upright backrest were very low
for all subjects in the frequency range 0.25 to 10 Hz. However, with increasing backrest
inclination, the ‘cross-axis vertical’ forces increases. As the backrest inclination increased,
it is suggested that COG of the body moves forward and resulting in the body ‘resting’
against the backrest (since the body does not pitch forward beyond the COG). At this
condition, the ‘cross-axis vertical’ acceleration (i.e. parallel to the backrest) increases
proportional to the sine angle of the backrest from vertical. An increase in the vibration at
the backrest may increase ‘vertical’ motion of the body (i.e. parallel to the backrest) and

therefore increases the ‘cross-axis vertical’ forces at the back

7.2.5.8 Effect of seat-pan inclination
7.2.56.3.1 ‘Fore-and-aft’ apparent mass

Changing the seat-pan inclination could change the sitting posture of a subject, and
thereby the biodynamic responses. However, in the present study, the backrest inclination
and the leg postures remained the same with all four seat-pan inclinations. Any differences
in the responses between the four seat-pan inclinations are therefore assumed to be due to

the changes in the sitting posture (e.g. due to pelvis rotation).

Increasing the seat-pan inclination had little influence on the ‘fore-and-aft’ apparent mass
of the back at frequencies less than 4 Hz, above which the ‘fore-and-aft’ forces at the
backrest tended to increase with increasing seat pan inclination. With a horizontal seat
pan (i.e. 0° inclination), the ‘fore-and-aft’ forces on the seat (i.e. parallel to the seat-pan)
could influence the ‘fore-and-aft’ forces at the backrest. With increasing seat-pan
inclination, the ‘fore-and-aft’ acceleration on the seat decreased in proportion to the cosine
of the angle between the seat-pan and the horizontal. Possibly, the ‘reduced’ forces on the
seat may be partially transferred to the backrest, as there was a tendency for increased

‘fore-and-aft’ forces with increased seat-pan inclination at frequencies greater than 4 Hz.

7.2.5.3.2 ‘Cross-axis vertical’ apparent mass

The resonance frequency of the ‘cross-axis vertical’ apparent mass of the back was not
affected by the seat-pan inclination. Although changing the seat-pan inclination may
change sitting posture, there was not much of increase in the shear forces between the back
and the backrest with increased seat-pan inclination because the backrest inclination was
the same for all conditions. A reduction in the ‘cross-axis vertical’ forces at the backrest

with increasing seat-pan inclination may be caused by the ‘cross-axis vertical’ vibration on
b
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the seat (i.e. normal to the seat surface), which increases in proportion to the sine of the
angle between the seat-pan and the horizontal, although the forces on the seat were not

measured here.

7.2.6 Conclusion

Varying the backrest inclination (from 90° to 110°) had more influence on the ‘fore-and-
aft’ apparent mass (calculated from the forces measured normal to the backrest and the
applied fore-and-aft acceleration) and the ‘cross-axis vertical’ apparent mass of the back
(calculated from the forces measured parallel to the backrest and the applied fore-and-aft

acceleration) than varying the seat-pan inclination (from 0° to 15°).

With increased backrest inclination, there was a reduction in the resonance frequency of
both the ‘fore-and-aft’ and the ‘cross-axis vertical’ apparent masses of the back. The forces
at the backrest in both the ‘fore-and-aft’ and the ‘cross-axis vertical’ directions were
significantly affected when the backrest inclination was increased from 90° to 110°
However, with four seat-pan inclinations (0°, 5°, 10° and 15°), the resonance frequencies of
both the ‘fore-and-aft’ and the ‘cross-axis vertical’ apparent masses of the back were
unaffected. Furthermore, increasing the seat-pan inclination had no significant effect on the

forces at the backrest in either the ‘fore-and-aft’ or ‘cross-axis vertical’ directions.

7.3 Effect of the push force at the feet and the

horizontal position of the footrest

7.3.1 Introduction

The apparent mass of the back of a seated person exposed to whole-body fore-and-aft
vibration shows a principal resonance around 5 Hz (Nawayseh and Griffin, 2005a). Some of
the factors that can affect the apparent mass of the back during fore-and-aft vibration
have been explored. Raising the height of a moving footrest (so that subjects adopted
different leg postures and had different thigh contact with the seat surface) had little
influence on the apparent mass of the back during fore-and-aft excitation (Nawayseh and
Griffin, 2005a). In the same study, the authors found that the body produces vertical
oscillatory forces at the backrest — also known as a ‘cross-axis’ response when exposed to
fore-and-aft vibration. Increasing the height of a footrest had little influence on the ‘cross-

axis’ vertical apparent mass of the back.
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This study was designed to explore further the factors that can affect the apparent mass of
the back during fore-and-aft excitation. The effect of push force at the feet and the
horizontal position of a footrest on the apparent mass of the back were investigated. It was
hypothesised that, due to a stiffening of the back, the resonance frequency of the fore-and-
aft apparent mass of the back would increase with increases in the force applied by the feet
against the footrest. It was hypothesised that changing the footrest position would change
the posture of the lower legs and thereby affecting the apparent mass of the back in both

the ‘fore-and-aft’ and ‘cross-axis vertical’ directions.

7.3.2 Method

A wooden rigid seat, with an adjustable seat-pan and backrest was securely mounted on
the vibrator platform. Both the seat-pan and the backrest had flat surfaces. A tri-axial
force platform (Kistler 9821B) capable of measuring forces in three directions was secured
to the flat backrest of the wooden seat so as to measure the forces normal and parallel to
the backrest surface. The forces at the backrest are referred to as ‘fore-and-aft’ and ‘cross-
axis vertical’ forces in this section, although when the seat was inclined they were not truly
fore-and-aft and vertical. The force plate (600 mm by 400 mm by 20 mm) consisted of four
quartz piezoelectric force transducers. The force signals from each of the force transducers

were summed and conditioned using a Kistler 5007 charge amplifier.

An Entran EGCS-Y 24-10-D accelerometer was attached to the floor beneath the seat

using double-sided adhesive tape so as to monitor the input acceleration.

One 26-year old subject with a 1.76 m stature and weighing 78 kg participated in the
study. The subject was exposed to 0.4 ms® r.m.s. of Gaussian random vibration with a
nominally flat constant bandwidth acceleration spectrum over the frequency range 0.25 to
10 Hz. The stimulus lasted for 60 seconds in each condition. The vibration stimuli were
generated using a HVLab Data Acquisition and Analysis system (version 3.81). All
acceleration signals were conditioned and acquired directly into the HVLab Data

Acquisition system at 512 samples per second via 170 Hz anti-aliasing filters.

The subject was asked to adopt a sitting posture with the ‘upper body leaning on the
backrest with hands placed on the lap and feet resting on the wooden footrest’. The surface
of the wooden footrest was inclined at 5° from the horizontal. Two factors were
investigated: effect of push force at the feet (Condition 1) and the effect of horizontal
position of the feet (Condition 2).

For Condition 1, the subject was asked initially to ‘only rest the feet on the footrest’ - this

was regarded as ‘no force’. The apparent mass of the back were measured. Subsequently,
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the subject was asked to increase the push force at the feet to either 50 N, or 100 N or 150
N. The push force applied by the feet on the footrest was measured using electronic scales
placed on the surface of the footrest (Adam Equipment; model: CPW-150; max. load =
150 kg; SN = AE 16000592). The subject was also asked to maintain the force applied

within 4+ 10% of the required push force by monitoring the panel on the electronic scales.

For Condition 2, the initial position of the footrest was obtained when the lower legs were
perpendicular to the upper legs — this position was regarded as ‘O mm’. Subsequently, the
horizontal footrest position was positioned at 50 mm, 100 mm and 150 mm forward the ‘0O

mm’ position. The experimental arrangement is shown in Figures 7.13.
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Figure 7.13: Experimental set-up.

7.3.3  Analysis

All acquired signals were normalised to remove any d.c. offset from the time histories using
the HVLab data acquisition system before they were used to calculate the apparent mass

at the back. A resolution of 0.25 Hz was used, giving 60 degrees-of-freedom.

The ‘fore-and-aft’ and ‘cross-axis vertical’ apparent masses of the back in each condition
were also calculated using the CSD method using equations 7.1 and 7.2 respectively (see

Section 7.2.3).
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7.3.8.1 Mass cancellation

The measured ‘fore-and-aft’ and ‘cross-axis vertical’ forces at the back were influenced by
the apparent mass of the subject and the mass of the force plate supported on the force
transducers. Hence, mass cancellation was applied in the time domain so as to remove the
effect of the mass of the aluminium plate of the force platform (15 kg) mounted ‘above’ the
force cells. The force produced by the aluminium plate of the force platform in the ‘fore-
and-aft’ direction (i.e. normal to the backrest) was 15 kg x acceleration x cosine 8
(assuming 90° for an upright backrest and 6 is small angle from the upright backrest) and
was subtracted from the measured ‘fore-and-aft’ force. Likewise, the force produced by the
aluminium plate of the force platform in the ‘cross-axis vertical’ direction (i.e. parallel to
the backrest) - 15 kg x acceleration x sine 6 (assuming 90° for an upright backrest and 8 is
small angle from the upright backrest) was subtracted from the measured ‘cross-axis
vertical’ forces at the backrest. The ‘corrected’ ‘fore-and-aft’ and ‘cross-axis vertical’ forces
at the backrest were used to calculate the ‘fore-and-aft’ and ‘cross-axis vertical’ apparent

masses of the back

7.3.4 Results

7.8.4.1 Effect of the push force at the feet

There were high ‘fore-and-aft’ forces at the backrest and appreciable forces in the ‘cross-
axis vertical’ direction (Figure 7.14). While the ‘fore-and-aft’ forces at the backrest tended
to increase with increasing push force at the feet, the forces at the backrest in the ‘cross-
axis vertical’ direction tended to reduce with increased push force. The increase in the
‘fore-and-aft’ forces at the backrest with increasing push force is more obvious at
frequencies greater than the principal resonance frequency (i.e. greater than 4.7 Hz).
Conversely, there is a reduction in the ‘cross-axis vertical’ forces at the backrest with

increased push force at frequencies less than the resonance frequency around 4.5 Hz.

With increasing push force at the feet, the principal resonance frequency of both the ‘fore-
and-aft’ and ‘cross-axis vertical’ apparent masses of the back increased from 4.7 to 5.5 Hz
and from 4.5 to 5.2 Hz, respectively. There is evidence of a second resonance frequency in
the ‘fore-and-aft’ apparent mass of the back around 7 Hz (‘no force’), that shows a slight

increase to 7.1 Hz when the subject exerted a 150 N push force at the feet.

The apparent mass at resonance in the ‘fore-and-aft’ direction with ‘no force’ was around

73 kg, and increased to around 75 kg with both 50 N and 100 N push force, after which the
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apparent mass further increased to 90 kg with 150 N push force. However, with greater
push force at the feet, the ‘cross-axis vertical’ apparent mass of the back at resonance
reduced from 3.7 to 2 kg with a push force of 50 N, after which there was little change in

the apparent mass at resonance when the push force was increased from 50 N to 150 N.
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Figure 7.14: Moduli and phases of the ‘fore-and-aft’ and ‘cross-axis vertical’ apparent masses of the
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7.8.4.2 Effect of horizontal footrest position

The ‘fore-and-aft’ apparent mass of the back tended to increase at frequencies below the
resonance frequency (around 5 Hz with ‘0 mm’ footrest position), after which the forces in
the ‘fore-and-aft’ direction tended to decrease at frequencies greater than the resonance
frequency (Figure 7.15). The ‘fore-and-aft’ forces were least over the frequency range (0.25
to 10 Hz) when the footrest was positioned furthest from the front edge of the seat
cushion. However, at this footrest position (i.e. when the footrest was furthest away from
the seat cushion), the ‘cross-axis vertical’ forces at the backrest were greatest from 0.25 Hz

up to 7 Hz.

Varying the horizontal position of the footrest had little influence on the principal
resonance frequency of the ‘fore-and-aft’ apparent mass of the back around 4.7 Hz.
Similarly, there is a peak around 4.7 Hz in the ‘cross-axis vertical’ apparent mass of the
back that was not affected by the horizontal position of the footrest. Between the ‘0 mm’
and ‘100 mm’ footrest position, there was little change in the moduli of the apparent mass
at resonance in either the ‘fore-and-aft’ or the ‘cross-axis vertical’ directions. However,
with the footrest at 150 mm, the ‘fore-and-aft’ apparent mass at resonance was lowest

while the ‘cross-axis vertical’ apparent mass at resonance was highest.
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7.3.5 Discussion

7.8.5.1 Effect of the fore-and-aft push force at the feet

The results of only one subject in the current study suggest that force applied by muscles
(such as increasing the push force at the feet on a footrest) can increase the stiffness of the
body. An increase in the resonance frequency of both the ‘fore-and-aft’ and ‘cross-axis
vertical’ apparent masses of the back may be the result of an increase in the body stiffness.
Similarly, the results of previous studies show that when subjects adopt an ‘erect’ sitting
posture, the resonance frequency of the apparent mass is greater than when sitting in a
relaxed posture during vertical excitation, consistent with a stiffening effect of the body

(e.g. Fairley and Griffin, 1989 and Kitazaki and Griffin, 1997).

When subjects changed sitting posture from ‘slouched’ to ‘erect, there was a significant
increase in the resonance frequency of the apparent mass and the apparent mass of the
body between 4 Hz and 10 Hz (Fairley and Griffin, 1989). However, when subjects further
tensed their body postures from ‘erect’ to ‘very erect’, the resonance frequency peak
became broader and there was only a small increase in the apparent mass of the body
between 4 Hz and 10 Hz. Likewise, in the present study, when the subject increased the
push force at the feet from ‘no force’ to 50 N, there was a clear increase in the fore-and-aft
apparent mass of the back between 5 Hz and 10 Hz. However, when the push force at the
feet was further increased from 50 N to 150 N, although the fore-and-aft forces at the
backrest were increased the change was not as clear as that when the force increased from
‘no force’ to 50 N. This, together with the results of Fairley and Griffin (1989), may
suggest that the biodynamic responses change significantly if the body stiffness changes
from ‘normal’ to ‘stiff’, but when the stiffness of the body is further tensed, the difference

between the ‘stiff’ and the ‘stiffest’ condition is small.

With increased push force at the feet, it was anticipated that the body would become
stiffer as the body was pushed against the backrest. The ‘cross-axis’ vertical movement of
the upper body may have become restricted when the body was pushed against the
backrest. As suggested by Nawayseh and Griffin (2005a), the vertical forces at the backrest
when the body is exposed to fore-and-aft excitation could be the results of some vertical
motion of the spine accompanying the pitching mode of the pelvis, spine and upper body.
However, in their study, subjects did not impose any additional push force at the feet,
hence allowing the body to respond in a ‘natural’ movement. Notwithstanding the ‘cross-
axis’ vertical movement of the spine during fore-and-aft excitation, it can be anticipated

that by restricting the body response in the direction of the excitation (i.e. by exerting a
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push force at the feet so as to push the upper body against the backrest), the
accompanying vertical movement of the spine with the fore-and-aft and pitching motions
of the upper body may also be restricted. This may partially explain why the ‘cross-axis

vertical’ forces at the backrest reduced with increasing push force at the feet.

The apparent mass of the back during fore-and-aft excitation has been found to vary non-
linearly with vibration magnitude — the resonance frequency of the fore-and-aft apparent
mass of the back tended to decrease with increasing vibration magnitude (Nawayseh and
Griffin, 2005a). It is anticipated that the forces at the feet will be proportional the fore-
and-aft acceleration and stabilise the pitching movement of the body while allowing the
‘natural’ softening response of the body with increasing vibration magnitude. The results of
current study suggest that the ‘softening’ response of the body (i.e. the reduction in the
resonance frequency of the apparent mass of the back with increasing vibration magnitude)
may be affected if the feet exert additional force at higher vibration magnitudes. With
greater push force at the feet, the forces at the backrest will tend to increase and so
increase the resonance frequency of both the apparent mass of the back and the backrest

transmissibility.

Previous studies have found that the dynamic stiffness of a foam cushion increased with
increasing pre-load on the foam (Wei and Griffin, 1998¢c). An increased resonance
frequency in a backrest transmissibility with increased force at the feet as found in the
Chapter 5 (Section 5.4), may be partly due to increased dynamic stiffness of the backrest

cushion as a result of the increased force on the backrest cushion.

7.8.5.2 Effect of the horizontal position of the footrest

When subjects sat with their feet 75 mm forward of the ‘normal’ position (ie. a
comfortable stable posture), the effect of the horizontal foot position on the vertical
apparent mass of the body was negligible at frequencies less than 40 Hz (Rakheja et al.,
2002). In the current study, the effect of footrest position on the ‘fore-and-aft’ apparent
mass at the back was small. The resonance frequency in the apparent mass at the back
showed only small changes, suggesting little change in either the stiffness of the body or

backrest.

There were appreciable ‘cross-axis vertical’ forces at the backrest with all positions of the
footrest, although with different footrest positions the ‘cross-axis vertical’ forces changed
little. When the legs were stretched to rest the feet on the footrest (i.e. at 150 mm), the
‘cross-axis vertical’ forces at the backrest were greatest. In this condition, the body may
have been more free to move, as there would be reduced push force at the feet, allowing

more pitch motion of the upper body.
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7.3.6 Conclusion

Results from one subject show that with increased push force at the feet there was an
increase in the resonance frequency of the ‘fore-and-aft’ and ‘cross-axis vertical’ apparent
mass of the back. Increased ‘fore-and-aft’ forces at the backrest were measured with
increased push forces at the feet. Varying the fore-and-aft position of the footrest had little
influence on the apparent mass of the back in either direction (i.e. the ‘fore-and-aft’ or
‘cross-axis vertical’ apparent mass). The results of this study suggest that during fore-and-
aft excitation the application of force at the feet has a greater effect on the biodynamic

responses of the back than a change in the fore-and-aft position of the feet.



Chapter 8

Predicting fore-and-aft backrest

transmissibility

8.1 Introduction

The drivers, occupants, operators, of vehicles are exposed to vibration of body through the
seats. Most modern seats are compliant — they modify the vibration by amplifying it at low
frequencies and attenuating it at high frequencies. A good seat should be able to provide a
good sitting environment for the occupant (e.g. comfortable to sit over long period) and

should not prevent any activities the occupant has to perform.

There have been extensive studies of the vibration transmitted through seats during
vertical excitation. A few studies have investigated the transmissibility of seats during fore-
and-aft excitation. Most of the studies involve the measurement of seat transmissibility
with subjects sitting in the seat, with either laboratory measurements, or field
measurements. Although such measurements are ‘real’ (as human subjects are involved),
the method: i) is time consuming, ii) requires a suitable vibrator (in the case of laboratory
measurements) to reproduce the vibration that is suitable and safe for exposure to human
subjects, which can be very expensive, and iii) there are ‘inheritant risks that ezposure to
the mechanical vibration or shock which the experiment is intended to reproduce may lead
to injury or il-health, either immediately or at some time in the future’ (British Standard

BS 7085, 1989).

Previous studies have shown that it is possible to predict the vibration transmitted
through seats in the vertical direction without using human subjects. The alternative
methods were: 1) the use of anthropodynamic dummies with appropriate mechanical

impedance to replace the human subjects (e.g. Suggs et al. 1969 and Mansfield and Griffin,
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1996), or ii) the use of mathematical models based on separate measurements of the
impedance of the body and the impedance of the seat (e.g. Fairley and Griffin, 1986 and
Wei and Griffin, 1998¢).

There is no known study reporting the prediction of backrest transmissibility during fore-
and-aft excitation. The objective of this chapter is to investigate the method of predicting
seat transmissibility in the vertical direction as reported by Fairley and Griffin (1986) and
Wei and Griffin (1998¢) as a method of predicting fore-and-aft backrest transmissibility.
This chapter is divided into three main sections: (i) developing a lumped parameter model
that can adequately represents the apparent mass of the back, (ii) obtaining the dynamic
properties of the backrest cushion (stiffness and damping coefficients) from an indenter test
and (iii) using the developed lumped parameter model and measured impedance of the

backrest cushion to predict backrest transmissibility.

8.2 Modelling apparent mass of the back

8.2.1 Introduction

Models representing the impedance of a seated person exposed to vertical excitation have
been extensively reported (e.g. Suggs et al., 1969; Fairley and Griffin, 1989; Nawayseh,
2002). The apparent mass of the seated person during vertical vibration, in the simplest
way, can be presented by a single degree-of-freedom model (e.g. Wei and Griffin, 1998c).
Many models adequately represent the apparent mass of the seated person with no
backrest during vertical excitation, although they could not represent the mechanisms

involved.

There has been little study of models of the apparent mass of seated person during fore-
and-aft excitation. Mansfield and Lundstrém (1999) showed that a three-degree-of-freedom
model (three mass-spring-damper systems arranged in parallel) can adequately represent
the apparent mass of the body during fore-and-aft and lateral excitation. Nawayseh (2004)
also showed that a three-degree-of-freedom model, with a rotational capability can
represent the fore-and-aft apparent mass of the body during fore-and-aft excitation. The
latter model was also capable of representing the ‘cross-axis’ vertical apparent mass of the
body during fore-and-aft vibration. However, both models (by Mansfield and Lundstrém,
1999 and Nawayseh, 2004) only considered the apparent mass of the body when were
subjects seated with upright posture and with no backrest. No study has reported a model

of the apparent mass of the back during fore-and-aft excitation.
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In the next section, a simple two-degree-of-freedom lumped parameter model is developed
to predict the apparent mass of the back during fore-and-aft excitation. This model is not
a mechanistic model, it does not represent the mechanisms involved during the responses
of the body to vibration. The model was developed so that when it is combined with a
backrest cushion model, the new seat-person model could be used to predict the backrest

transmissibility

8.2.2 Lumped parameter model

A simple two degrees-of-freedom model was developed in an attempt to predict the fore-
and-aft apparent mass of the back (Figure 8.1). The model consisted of two mass-spring-

damper systems, arranged in parallel.

z, <

Figure 8.1: Two degree-of-freedom lumped parameter model.

From the diagram:

my, m; and m,: Masses of mass 0, mass 1 and mass 2. Mass 0 can be regarded
as the support frame of the model.
k and k,: Stiffness coefficient of the springs of sub-systems containing
mass 1 and mass 2, respectively.
¢, and ¢,: Damping coefficient of sub-system containing mass 1 and mass

2, respectively.
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The equations of motion of the model can be described as:
mE + ¢ (&, — 2,)+ k (2, —z,) =0 (8.1)

myZ, + ¢ (i"z _i"b)‘i"kz(mz _931;): 0 (8.2)
By using the Laplace Transform on the assumption that z(0) =0, £(0)=0, z,(0)=0

and Z,(0) =0, and by some mathematical manipulation, the equations of motion can be

written as:

(mys* +cls+kl)X1 ) =(gs+k)X, (s (8.3)

(m252 +cz,s+k2)X2 () =(gs+k)X, () (8.4)

By Newton’s second law of motion:
F(t) = myZ, + mZ, + myd, (8.5)

F(s) = mys’ X, (8) + m s’ X, (8) + mys° X, (8) (8.6)

where F'(t) is the total force acting on the model. The apparent mass of the model can be
computed by dividing both sides with 52Xb (8), such that:

B D ’
M) = —+m, — 8.7
() m0+TnlA mzc, (8.7)
where A=m182 +015+k1
B=c¢s+
a & (8.8)
C =mys" +cs+k,
D=cs+k

By replacing the Laplace Transform variable, s, with the angular frequency, @, based on
the relation s = i@, the modulus, |M|, and phase, arctan™ (M) of the apparent mass of

the model can be calculated.
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8.2.3 Fitting with experimental data

The parameters of Model 1 were optimised by comparing the response of the model with
the measured apparent mass of the back (whole-back in contact with the backrest) with a
vibration magnitude of 0.4 ms” r.m.s., as reported in Chapter 6 (see Section 6.3.2). The
apparent masses of 10 subjects were measured in the frequency range of 0.25 to 10 Hz. The
median results, as well as the individual responses, were used in optimising the parameters

of the model.

A curve fitting method was used to obtain the model parameters m_, &, and ¢, (n =0,
1, 2) from the magnitude and phase of apparent mass, M . The least-square-error method
with an optimisation algorithm was utilized (i.e. the constrained non-linear multivariable
function in Matlab - fmincon). The parameters in the equation of each model were refined

to minimize the error function over the whole frequency range, such that:

N 2 N 2

error = (M, (i)~ My () +F* > (P (6) - By () (5.9)

i=1 =]

where:

M, (i) and PP (7,) are the corresponding apparent mass and phase from the curve fit at

the 2th frequency,
M, (i) and PT (7,) are the measured apparent mass and phase data, respectively.
F' is arbitrary constant,

From a preliminary run, Model 1, generally, showed a good fit only with the modulus of
the apparent mass data, but not with the phase data. The fitting with the phase was
improved when the error function of the phase was weighted by a scalar factor, F. It
should be mentioned that F is an arbitrary value used to improve the fitting of both the

apparent mass and phase.

Figures 8.2 to 8.4 show the curve fitting obtained from Model 1 with the median and
individual apparent masses of the back with 10 subjects at 0.4 ms? r.m.s. For the
optimisation process, all parameters were constrained such that the value of any parameter
would be either zero, or a positive value — this is to give a physical meaning to the model,
or, to make it possible to construct the model. An exception was the mass m (i.e. support

frame) such that the minimum value was fixed to 1 kg — this is to avoid a massless frame
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(which would be difficult if the model is to be constructed). The optimised parameters are

listed in Table 8.1 (median) and Table 8.2 (individual).

Table 8.1 Optimised parameter of Model 1 from the median apparent mass of the back with 10

subjects.
Model m my m, k, k, [ G
(kg) (kg) (kg) | (N/m) | (N/m) | (Ns/m) | (Ns/m)
1 1 21.5 19 24753 2775.6 486 379
80 T T T T

2]
(=]
T

Apparent mass [kg]
o
o

N
(=]
T

Phase [rad]

Frequency [Hz]

Figure 8.2: Median apparent mass and phase (with full back) with 10 subjects at 0.4 ms? r.m.s.
with optimised response of the Model 1. Experiment (———); optimised response with the
median data (---eeeee ); approximated apparent mass using the median parameter of mass, spring

and damping of individual fitted response — see Table 8.2 (- — — -).
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Figure 8.4: Individual phases of the apparent mass of the back of 10 subjects (with full back) at

0.4 ms? r.m.s. with optimised response of Model 1. Experiment (




C’hapter 8: Predicting fore-and-aft backrest transmissibility 228

Table 8.2 Optimised parameter of Model 1 from the individual responses of the apparent masses of

the back with 10 subjects.

Subject m m my k, k, [ ¢
ke) | (e) | (&) | (Wm) | /m) | (Ns/m) | (Ns/m)
3 1 26.8 16 4055.6 | 25159.5 632 250.7
4 1 40.1 0.4 25227 1716.8 586.9 0.2
5 1 28.2 27.1 34205.9 | 4413.9 542.4 387.7
6 1 21.7 18 28191.4 0 434.4 617.7
7 1 16.9 9.4 26084 0 589.5 130.3
8 1.2 38.4 17.2 130.1 15273.8 900 208.9
9 1 21.6 11 40646.1 | 5163.1 580.5 257.6
10 4.1 26.6 6.4 16129 678.6 398.8 42.3
11 1 35 11.7 10140.8 | 20405.6 761.1 206.2
12 1.9 19 14.8 17251.7 0 283.5 250.5
Median 1 27 13 21239 4297 584 229

Model 1 showed a good fit with the median apparent mass and phase and was able to
depict both resonance frequencies of the apparent mass of the back around 1 Hz and 4 Hz.
It also showed a good fit with the individual responses, with both the moduli of the

apparent mass and the phase response.

In Figure 8.2, the dashed-line showed the approximated apparent mass of the back using
the median of the individual mass (M), spring (K) and damping (C) values. In comparison
with the optimised curve from the median apparent mass data (i.e. dotted-line), the

approximated curve using the median of the individual MKC showed clear difference.

8.2.5.1 Discussion and concluding remarks

The logical reason of using the median data (see Figure 8.2; solid line) to develop the
human body model is such that the data have an appropriate overall shape showing
roughly the same number of resonances with the same relationships between resonances as
most individual responses (see Figure 8.3; solid line). From Figure 8.2, the median data
showed roughly two resonances around 1 Hz and a major resonance around 5 Hz. The
optimised curve of Model 1 using the median data (dotted line in Figure 8.2) also showed
two resonances; around 1 Hz and 5 Hz, similar to the median data. In the individual

responses (see Figure 8.3), subjects 5 and 11 roughly having the same shape and
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resonances with the median data. Other subjects, such as subjects 3, 6, 9 and 12 showed
major resonance between 5 and 6 Hz, which is similar to the major resonance of the
median data, although the first resonance around 1 Hz was not clearly visible. In contrast,
the apparent mass curve based on the median of the individual fitted MKC values (dashed
line in Figure 8.2) showed only one major resonance around 4 Hz. Only subjects 4 and 10
showed roughly the similar shape as the approximated apparent mass curve using the
median of the individual MKC values. Based on this simple analysis, the median data is
preferred in developing the human body model. Although it may not be able to
approximate the apparent mass of the back of every individuals but it might be able to

approximate the apparent mass of the back of most people.

8.2.4 Sensitivity analysis

A parameter sensitivity test was carried out to determine which one of the mass-spring-
damping systems is responsible for producing the resonance frequency of the apparent mass
of the back (Figure 8.5). The test was performed on Model 1 and the parameters were
based on the fit with the median results. All the parameters were varied + 50% of the

optimised parameters.
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Figure 8.5: Sensitivity of the apparent mass prediction to 4+ 50% changes in the optimised
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From the sensitivity test, the apparent mass of the back at low frequencies was affected by
varying m, - the apparent mass increases with increasing m;, while lowering it reduces the
modulus. Increasing the mass of m, had a greater effect on the apparent mass of the back
than increasing the mass of m;. The apparent mass of the back increased from up to 6 Hz
with an increased in the mass of m,. The spring and damper of the sub-system containing
mass m, were controlling the principal resonance of the apparent mass of the back, which
is around 5 Hz. Varying these coefficients showed a greater effect on the apparent mass of
the back than varying the spring and damper of the sub-system containing mass m;. The

sub-system of m,; is responsible of controlling the resonance around 2 Hz.
8.3 Measurement of seat mechanical impedance with an

indenter

8.3.1 Introduction

Fairley and Griffin (1986) showed that it is possible to predict the vertical transmissibility
of seats based on separate measurements of the impedance of seat and the impedance of
human body. In that study, the dynamic properties of the seat cushion (stiffness and
damping coefficients) were obtained from an indenter test, in which a seat cushion was
loaded with a rigid indenter; the indenter shape was similar to a SIT-BAR (Whitham and
Griffin, 1977). The force on the seat cushion (measured by a force transducer on the
indenter) and the acceleration on the vibrating plate (which hold the seat cushion) were
obtained and, therefore, the dynamic stiffness of the seat cushion was calculated (i.e. the
ratio of the force and the displacement of the seat cushion; the displacement was obtained

by integrating the acceleration twice).

Wei and Griffin (1998¢) further explored the indenter test method to obtain the impedance
of seat cushions. The authors found that the dynamic stiffness and damping of the seat
cushions changed with variations in the pre-load such that the stiffness and damping
increased with increasing pre-load in the seat cushions. Different vibration magnitudes and
inclination angles of the seat had little effect on the measured dynamic stiffness of the seat

cushions, although the effect of contact area was complex (Wei, 2000).

In this section, the indenter test method was used to measure the dynamic properties of
both a car seat backrest and a 100 mm foam block. The effect of different pre-loads on the

backrest cushion was investigated - this may correspond to different loads applied by the
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back to the backrest cushion with different subjects. Based on the results of Wei and
Griffin (1998c¢), it was expected that the dynamic stiffness and damping of both the seat

backrest and the foam block would increase with increasing pre-load.

8.3.2 Method and analysis

The measurements were conducted separately with the backrest cushion of the car seat
and with a 100 mm foam block (Figure 8.6). For the backrest cushion, the backrest was
dismantled from the seat pan, and only the backrest was used in the test (Figure 8.6 (b)).

The backrest cushion had a contoured surface and weighted 19 kg.

SIT-BAR
indenter

head

(a) (b)

Figure 8.6: Orientation of the SIT-BAR indenter head on: (a) the foam block and (b) the backrest
cushion.

An indenter rig capable of conducting vertical, lateral, cross-axis and arbitrary angle quasi-

static and dynamic indenter testing of seats and seat components was used in the

experiment (Figure 8.7).

The backrest cushion or the foam backrest was supported on the flat vibrator platform. In
the case of the car seat, the contoured surface faced upward, toward the indenter. For the

foam block, either the flat surface on either side can face the upward.

The indenter, having the shape of a SIT-BAR (Whitham and Griffin, 1977), was used to
compress the backrest cushion and the foam backrest. The SIT-BAR was attached to a
moving shaft, which was moved by a motor controlled via a control box. The SIT-BAR

was placed at the middle of both backrests and was oriented as in Figure 8.6.
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An Entran EGCSY-240*%-10 accelerometer was securely attached beneath the vibrator
platform. The force on the backrest cushion was measured using a Kistler tri-axial force
transducer (which was calibrated to the indenter head to give the correct reading), and

was conditioned using a Kistler 5007 charge amplifier.

A Gaussian random signal with a duration of 100 s and a nominally flat constant
bandwidth acceleration spectrum over the frequency range of 0.25 to 20 Hz at a vibration
magnitude of at 0.4 ms? r.m.s. was generated by using a HVLab version 3.81 Data

Acquisition and Analysis system. The vibration was produced by an electrodynamic

vibrator (VP85 6LA).

Motor

Moving shaft

Kistler tri-axial force B s SIT-BAR . indenter head

-]
71

Vibrator platform

Electrodynamic

vibrator VP85 6LA

Figure 8.7: Indenter rig.
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Four loads (50N, 100N, 150N and 200N) were used as the pre-load, which was applied to
both the car seat backrest and the foam block before the measurements of force and

acceleration were taken.

All acceleration and force signals were conditioned and acquired directly into the HVLab

Data Acquisition system at 256 samples per second via 85 Hz anti-aliasing filters.
The procedures of acquiring the measurements were:

1. The cushion was compressed at 25% greater than the desired pre-load (50N or
100N or 150N or 200 N).

2. The cushion was allowed to settle for approximately 5 minutes.

3. The applied pre-load was checked so that the load was within 5% of the desired

pre-load.
4. The cushion was allowed to settle for another 1 minute.

5. The measurements of the force and acceleration were acquired.

8.3.3 Results and Discussion

In all measurement, the coherency was high (i.e. greater than 0.9). With increasing pre-
load, the dynamic stiffness and damping for the car seat backrest increased (Figure 8.8).
With 100 mm foam backrest, the dynamic stiffness showed a small change as the pre-load
increased from 50 N to 150 N, but was greatly increased when the pre-load was increased
to 200 N (Figure 8.9). This may be due to a ‘bottoming’ effect (where the foam was

‘squashed’ near to the vibrator plate)
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Car seat backrest

Damping [Ns/m]
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Figure 8.8: The measured dynamic stiffness and damping of car seat backrest at 50N (
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Frequency [Hz]

)i

100N (- - - -), 150N (————— ) and 200 N (--oreeeee ) of pre-load.
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Figure 8.9: The measured dynamic
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stiffness and damping of 100 mm foam backrest at 50N
—) and 200 N (--eeeee ) of pre-load.
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8.3.4 Backrest cushion model

It is desirable to have a single value of the stiffness, KX, and damping, C, coefficients of the
backrest cushion, which later can be used with the optimised parameters of Model 1
(representing the apparent mass of the back) to predict the backrest transmissibility. This
can be achieved by fitting the measured data with a simple model of the backrest cushion,

which consist of spring and damper, arranged in parallel (Figure 8.10).

Applied load
Fi{y

Backrest cushion

Vibrator platform

Figure 8.10: Schematic diagram of the backrest cushion and the indenter to obtain the dynamic

properties of the backrest cushion.

The frequency response of the backrest cushion or foam block when a load was applied can

be written as:

F(t)=Kz+Ci (8.10)

where F'(t) is the equivalent force from the platform with the applied load on the
backrest/foam, K is the stiffness (i.e. a spring stiffness) and C is the damping of the
backrest/foam (i.e. a viscous damping). The displacement, z, and the velocity, ©, can be
obtained by double and single integration of the measured the acceleration, Z,
respectively. Using Laplace Transform on the assumption that z(0)=0 and £(0)=0
and replacing the Laplace Transform variable § with the angular frequency @ based on

the relation of $ = 2@, the equation 8.10 can be written as:

F,(wy=(K+Cs) X (s (8.11)

The dynamic stiffness of the backrest cushion/foam is:

F (o) X
=Sw) =K+ Cwi 8.12
X (w) ( )
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From equation 8.12, the stiffness, K and damping, C, of the backrests are the real and
imaginary of the dynamic stiffness of the backrest/foam, S (@), respectively.

A curve fitting method was used to obtain the parameters of the backrest cushion model
from the real and imaginary components of dynamic stiffness, S (w?). This method was
used by Wei and Griffin (1998¢) to obtain the stiffness and damping of the seat cushion
model for predicting vertical seat transmissibility from the measured apparent mass of the
body and the measured impedance of the backrest cushion. The least square error method
with an optimisation algorithm was utilized (i.e. constrained non-linear multivariable
function in Matlab - fmincon). The parameters in the equation of the dynamic stiffness

were refined to minimize the error function over the whole frequency range, such that:

N 2

error = » (S5 (i) — S, (1)) (8.13)

i=1

where:

Sp (¢) is the corresponding modulus of the dynamic stiffness from the curve fit at the 7th

frequency,
Sy () is the measured modulus dynamic stiffness.

With values of parameters chosen at random as starting values, the parameters were

varied systematically by using the optimisation algorithm. The measured and calculated

values of the modulus of the dynamic stiffness, (|| = yK? + (C'a))2 ) of the seat backrest

and the foam block are shown in Figures 8.11 to 8.12. The calculated values of the stiffness

and damping are listed in Table 8.3.

Table 8.3 Optimised parameter of K and C from the measured modulus dynamic stiffness of both

the car seat backrest and foam block at four pre-loads.

Pre-load (N) Stiffness (N/m) Damping (Ns/m)
Car seat Foam backrest Car seat Foam backrest
50 11324 17053 142 126
100 21176 14496 187 109
150 27242 14844 201 103
200 25595 24505 208 193
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Figure 8.11: Modulus of dynamic stiffness of the car seat backrest and fitted model for four pre-

loads. Measured values (———); fitted values (- ).
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Figure 8.12: Modulus of dynamic stiffness of the 100 mm foam backrest and fitted model for four
pre-loads. Measured values (———); fitted values (-+-+--- ).
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The optimised parameters of both seat backrest and foam block showed that the seat
backrest was more than 50% stiffer than the foam block with 100 N and 150 N pre-loads,
but not at 50 N and 200 N of pre-loads. With the highest pre-load, the stiffness of both
backrests was similar. The car seat had 200% higher damping than the foam block at 100
N and 150 N pre-loads, while at 50 N and 200 N of pre-loads showed similar damping for
both backrests.

8.3.5 Conclusions

It was possible to measure the dynamic properties of the seat backrest and the foam block
from the indenter test method. The dynamic stiffness and damping of both backrests
generally tended to increase with increasing pre-load. When fitting the measured data with
a simple backrest cushion model (spring and damper arranged in parallel), it is possible to

obtain a single value for both the stiffness and the damping coefficient.

8.4 Predicting backrest transmissibility

In this section, the transmissibilities of both the seat backrest and the foam block were
predicted from the apparent mass model of the back developed earlier (Model 1) and
from the dynamic properties of the backrest cushion obtained from the indenter test. The
transmissibility model (Model 1a) corresponding to Model 1 is shown in Figure 8.13. The
backrest cushion is represented by K and C.

K
e [

zezbg

Figure 8.13: Model la: transmissibility of backrest cushion based on Model 1 and K and C (in

parallel, representing the backrest cushion).
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8.4.1 Mathematical equation of the transmissibility model

The equations of motion of Model la can be written as:

meE + C (& — &)+ ¢ (¢ —4,) + ¢ (2 —2) +...

(8.14)
K(z—z,)+k(z—2)+k(z—2,)=0
mi + ¢ (3‘:1 - :E) + K, (xl - :1:) =0 (8.15)
myZ, +62(i'2 _3.7)‘*']‘32(372 —33) =0 (8.16)
The transmissibility of the backrest (through K and C) can be written as:
Z(w)
Hw) = (8.17)
z, (W)

By using the Laplace Transform on the assumption that z(0) =0, £(0)=0, z,(0)=0
and %, (0) =0, and by some mathematical manipulation, the transmissibility of Model 1a

can be written as:

X (9 D
H(s): = — .
X,(5)  AA (8.18)
where
2 2
Ad=4-8_C
E F
A=ms’+Cs+cs+es+K+k +k
B=c¢s+k
C= st (819
D=Cs+ K

E=ms +cs+k
F =m,s® +cs+k,
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By substituting the parameters describing the apparent mass of the back (Table 8.1) and
stiffness and damping coefficient of the backrest cushion (Table 8.3), the transmissibility of
both the seat backrest and the 100 mm foam backrest can be predicted.

8.4.2 Results and discussion

The predicted transmissibility of both the car seat backrest and the 100 mm foam backrest
were compared with the median transmissibilities of both backrests with twelve subjects,
measured at the middle location with a vibration magnitude of 0.4 m® r.m.s. (Figures
8.14 to 8.15). The results showed that the predicted transmissibility of both backrests did
not agree with the measured data at any pre-load, although the human body model (i.e.
Model 1) adequately predicted the apparent mass of the back at the same location and

vibration magnitude.

The results suggested that the backrests were stiffer than the measured data. Possibly
because the dynamic stiffnesses were measured over a small area (i.e. area of the SIT-
BAR) whereas the area of the interface between the back and the backrest are larger than
the size of the SIT-BAR. In contrast, the results in Chapter 6 showed that the area of the
back does not affect the apparent mass of the back. The apparent mass of the middle back
(measured over a small area of a wooden block) was similar to the apparent mass of the

back when measured with the entire back in contact with the backrest.
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Figure 8.14: Comparison of median car seat backrest transmissibility and phase with twelve

subjects and predicted backrest transmissibility and phase when using Model la. Measured

transmissibility and phase ( }; predicted transmissibility and phase (- ).
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Figure 8.15: Comparison of median 100mm foam backrest transmissibility and phase with twelve

subjects and predicted backrest transmissibility and phase when using Model la. Measured

transmissibility and phase ( ); predicted transmissibility and phase (-« ).

8.5 Alternative models for predicting backrest

transmissibility

The results in the previous section showed that, although Model 1 was capable of
predicting the apparent mass of the back during fore-and-aft excitation at a vibration
magnitude of 0.4 ms? r.m.s, combining the model with a backrest cushion model (i.e.
spring and damping in parallel) did not show a good prediction of the transmissibilities of
either the car seat or the foam backrests. There are two possibilities: either i) the model of
the body is ‘wrong’ or ii) the dynamic stiffness of the backrest cushion is ‘wrong’. In the
following section, both possibilities were investigated so as to improve the predictions of

backrest transmissibility.

8.5.1 Alternative models of the apparent mass of the back

In this section, three alternative models of the human body are developed. These models
were fitted with median apparent mass of the back at 0.4 ms? r.m.s., after which the
models were used to predict both the backrest transmissibility of the car seat and the foam

backrest.
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The three models representing the apparent mass of the back are shown in Figure 8.16.

J,0
zl
g .
m, A m
o o 5 €,
L )
[@] O
(S
Ib
Model 2 Model 3 Model 4

Figure 8.16: Three alternative models representing the apparent mass of the back.

Descriptions of each model are as follows:

Model 2: Model 2 consists of sub-system containing m,;, & and ¢, connected to a
support frame, my. A mass m, which can rotate is connected to my The COG

of m is in line with the pivot.

Model 3: Model 3 consists of a sub-system containing mass m,, k and ¢;, which is
connected to mass, m. Mass m is connected to m, and can rotate about the

pivot. h is the height of the COG and is in line with the pivot.

Model 4: The sub-system containing m, is connected to the base mass and only move
translational. Mass m moves together with m,, which can also rotate about

the pivot. The COG of m is in line with the pivot.

For each model, the equations of motion were derived using Lagrange’s equation (example
of derivation of the equations of motion of Model 2 is shown in Appendix D). All the
model parameters were optimised using a similar optimisation method as described in
Section 8.2.3. The parameters in the equation of each model were refined to minimize the

error function over the whole frequency range using equation 8.9.

All parameters were constrained such that the value of any parameter would be either
zero, or a positive value. However, in each model, the support mass, m,, was set to the
minimum value of 1 kg (this is to avoid a massless frame) and the height of the COG of

the mass m to the pivot was constrained in the range 0.1 m (minimum value) to 0.5 m
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(maximum value). This was to give a reasonably logical A value, which may correspond to

the COG of the upper body such as reported in the literature (e.g. Nawayseh, 2002).

8.5.1.1 Fitting with experimental data

All three alternative models showed a visually good fitting with the moduli and phase of
the measured apparent mass of the back at 0.4 ms™® r.m.s. (Figure 8.17). Table 8.4 lists the
optimised parameters obtained from the models. For all models, the optimised moment of

inertia showed a low value, although the corresponding mass was high.

Table 8.4 Optimised parameters of Models 2, 3 and 4 from the median apparent mass of the back

with 10 subjects.

Model | m, m m k, k, ¢ c, h J
(kg) | (kg) | (kg) | (N/m) | (N/m) | (Ns/m) | (Ns/m) | (m) | (kem’)
2 1 18 22 4531 8096 339 130 0.5 1
1 24.2 1 18.9 1 13812 446 174 0.5 1
4 1 24.2 | 15.9 3021 8759 310 160 0.5 1
380
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Figure 8.17: Median apparent mass and phase (with full back) with 10 subjects at 0.4 ms” r.m.s.

with optimised response of the Models 2,3 and 4. Experiment ( }; model (++eoveeenes ).
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Models 2, 3 and 4 were also optimised with the individual apparent masses of the backs of
ten subjects, as shown in Figures 8.18 to 8.23. Generally, all models showed a visually good
fit with the individual apparent masses of the backs of the ten subjects. The optimised

parameters of each model for each subject are listed in Tables 8.5 to 8.7.
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Figure 8.21: Individual phases of the apparent mass of the back of 10 subjects (with full back) at

0.4 ms”? r.m.s. with optimised response of Model 3. Experiment (
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Figure 8.22: Individual apparent masses of the back of 10 subjects (with full back) at 0.4 ms?

r.m.s. with optimised response of Model 4. Experiment (—————); model (- .
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Figure 8.23: Individual phases of the apparent mass of the back of 10 subjects (with full back) at

0.4 ms? r.m.s. with optimised response of Model 4. Experiment (———); model (



Chapter 8: Predicting fore-and-aft backrest transmissibility

247

Table 8.5 Optimised parameter of Model 2 from the individual responses of the apparent masses of

the back with 10 subjects.

Subject | m, m m, k k, G ¢, h J

ke) | (ke) | (ke) | (N/m) | (N/m) | (Ns/m) | (Ns/m) | (m) | (kem?)
3 1 1204 |21.7 | 4436 9673 433 96 0.5 1
4 1 [34.7] 9.2 | 2447 6706 102 125 0.5 1
5 1 |30.8|24.8| 4420 10831 329 158 0.5 1
6 1 1324 69 583 11564 58 208 0.5 1
7 1 |16.5| 10.6 0 8213 172 144 0.5 1
8 1 23 | 34.5 0 6061 658 90 0.5 1
9 1 31 0 3001 14355 454 250 0.5 1
10 1 1297 6.5 701 5166 43 124 0.5 1
11 1 16 | 30.6 9613 8748 582 87 0.5 1
12 1 245 82 610 6499 87 107 0.5 1
Mediani 1 | 104 | 23.8 | 1567 8477 190 124 0.5 1

Table 8.6 Optimised parameter of Model 3 from the individual responses of the apparent masses of

the back with 10 subjects.

Subject | m, m m, k, k, ¢ c h J
kg) | (kg) | (kg) | (N/m) | (N/m) | (Ns/m)  (Ns/m) | (m) | (kgm’)

3 1 1283 20.2 19 13501 242 129 0.5 1.1
4 1 |40.8 5 14610 0 41 196 0.48 1
5 1 ]36.7] 19.8 | 2095 13805 283 181 0.5 1
6 1 1332 85 0 12673 65 213 0.5 1
7 1 189 5 310 10375 79 169 0.5 1
8 1 |[40.6 | 19.7 161 10728 111 223 0.5 1.7
9 1 29 5 1534 15080 89 211 0.5 1
10 1 31 5 403 5366 41 130 0.5 1
11 1 1282 17.07| 4171 13244 297 164 0.5 1
12 1 26 5 318 7208 63 117 0.5 1

Median | 1 30 6.8 360 11700 84 175 0.5 0.1
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Table 8.7 Optimised parameter of Model 4 from the individual responses of the apparent masses of

the back with 10 subjects.

Subject | my m m, k, k, c - c, h J
(kg) | (kg) | (kg) | (N/m) | (N/m) | (Ns/m) | (Ns/m) | (m) | (kgm’)

3 1 [21.8] 21 2936 10344 419 111 0.5 1

4 1 39 10 63 7215 80 151 0.5 1

5 1 [31.8]23.7} 3979 11333 335 180 0.5 1

6 1 |31.81 2.3 | 29093 | 11845 564 203 0.5 1

7 1 1196 1 28852 9394 1000 176 0.5 1

8 1 13781 4.7 | 28722 8838 671 201 0.5 1

9 1 1239 84 | 4877 13775 177 174 0.5 1

10 1 1303 1 29302 5413 4617 131 0.5 1

11 1 1262 17 6045 12243 199 186 05 | 1

12 1 (272 1 24915 7217 2252 131 0.5 1

Median| 1 | 28.7| 6.6 | 15480 9869 492 175 0.5 1
8.5.1.2 Sensitivity analysis

Sensitivity analyses were performed on all three alternative models. The analyses were

performed on the median optimised parameters.

Generally, the tests showed that the principal resonance of the apparent mass of the back
and the apparent mass at resonance were most affected when the values of mass m, & and
¢, were changed. A variation in ¢, greatly affected the apparent mass at the principal
resonance. [t can also be seen that varying the COG of mass m in all models significantly

affected the general response of the apparent mass of the back.
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Figure 8.24: Sensitivity of the apparent mass prediction to + 50% changes in the optimised

parameters of the Model 2. Response of the optimised parameter (
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8.5.1.3 Predicting backrest transmassibility

Each of the alternative models (Model 2, Model 3 and Model 4) was combined with the
backrest cushion model (K and C, arranged in parallel) to predict the transmissibility of

the car seat and the foam backrests. These models are shown in Figure 8.27.

All the equations of motion for each model were derived using Lagrange’s equation. By
substituting the parameters describing the apparent mass of the back (Tables 8.4) and
stiffness and damping coefficients of the backrest cushion (Table 8.3), the transmissibility
of both the seat backrest and the 100 mm foam block can be predicted.

The predicted transmissibility of both the car seat backrest and the 100 mm foam backrest
were compared with the median transmissibilities of both backrests with twelve subjects,
measured at the middle location at a vibration magnitude of 0.4 m? rm.s. (Figures
8.28 to 8.29).
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Figure 8.27: All three transmissibility models obtained from combination of all three alternative
models (see Figure 8.16) with a backrest cushion model (comprises of K and C arranged in

parallel).

It can be seen that Model 2a did not predict well the transmissibility of either backrest,

even with different values of K and C corresponding to different pre-loads.

Model 3a showed encouraging predictions of the transmissibility of the seat backrest,
compared with the median data, except with the K and C values corresponding to the 50
N pre-load. However, the prediction of foam transmissibility with the same model was

over-estimated.

Model 4a also showed promising prediction of the transmissibility of the seat backrest. The
prediction of transmissibility of the foam backrest using this model is better than Model
3a, although a good fitting was only obtained with a 200 N pre-load. With the 50 N pre-
load, the model did not yield a good prediction for either backrest.
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Figure 8.29: Fore-and-aft backrest transmissibility of 100 mm foam backrest. Experiment (
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8.56.1.4 Discussion and concluding remarks

The prediction of backrest transmissibilities with Model 3a and Model 4a showed
encouraging results compared to Model 2a and Model 1a. The principal difference between
Models 3a and 4a, and Models 2a and la is that the force was applied to a mass that can
rotate in the former models while in the latter models, the force was applied to the mass

that can only translate.

Although none of the models is a mechanistic model, it is tempting to suggest that the
rotating mass m about the pivot in Models 3a represents the pitching motion of the body
about the pelvis. The sub-system containing m,, &, and ¢,, may represent the movement of

the viscera.

In conclusion, the prediction of backrest transmissibility showed encouraging results when
the backrest cushion was attached with the mass of the seated-person in a model that can

rotate. However, the modelling merits further development.

8.5.2  Alternative dynamic impedance of the backrest

In this section, the dynamic stiffness and damping of the seat backrest and the foam
backrest were approximated to represent a larger area of contact between the back and the
backrest than the area of contact between the SIT-BAR and the backrest as used in the

indenter test.

For simplicity, it was assumed that the orientation of the SIT-BAR would have small
effect on the measured dynamic stiffness of both backrests. Figure 3.30 shows the
arrangement of the SIT-BAR to approximate the contact area between the back and the
backrest. |

Based on the simple model of the backrest cushion consisting of a spring and a damper
arranged in parallel (see Section 8.3.4), the ‘new’ dynamic stiffness and damping for both
backrests are now represented with two springs and two dampers arranged in parallel to
estimate the whole area (i.e. the area underneath the two SIT-BARs and the backrest
cushion as shown in Figure 3.30). Table 8.8 lists the ‘new’ dynamic stiffness and damping
of both backrests with different pre-loads (the ‘new’ dynamic stiffness and damping is
twice the measured value, assuming that both springs (or dampers) are identical to each
other; see Table 8.3). It should be noted that the pre-loads corresponding to the ‘new’

dynamic stiffness and damping were also increased.
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(a) (b)
Figure 8.30: The arrangements of the SIT-BAR for approximating the stiffness of the backrest

cushions. (a) On the foam block; (b) on the backrest cushion.

Table 8.8 The ‘new’ dynamic stiffness and damping for the seat backrest and the foam backrest.

Stiffness (N/m) Damping (Ns/m)
Pre-load Car Foam backrest Car Foam backrest
seat seat
‘old’ ‘new’ ‘old’ ‘new’ ‘old’ ‘new’ ‘old’ ‘new’ ‘old’ ‘new’
50 100 11324 22648 | 17053 | 34106 142 284 126 252
100 200 21176 42352 | 14496 | 28992 187 374 109 218
150 300 27242 54484 | 14844 | 29688 201 402 103 206
200 400 25595 51190 | 24505 | 49010 208 416 193 386
8.5.2.1 Predicting backrest transmissibility

Using the ‘new’ values of the dynamic properties of the backrests, the transmissibilities of
both backrests were predicted using all models (Models la to 4a) and are shown in Figure

8.31 to Figure 8.34.
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Figure 8.31: Comparison of median car seat backrest transmissibility and phase with twelve

subjects and predicted backrest transmissibility and phase when using Model 1a with the ‘new’
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Using Model la and with the ‘new’ dynamic stiffness values, the predictions of both
backrests were improved compared to when using the measured dynamic stiffness. With
the ‘new’ dynamic stiffness, Model la was able to predict the resonance frequency of the
transmissibility of both backrests, although the predictions of the transmissibilities were

underestimated compared to the measured data.

It can be seen that Model 2a did not predict well the transmissibility of either backrest,

even with the ‘new’ dynamic stiffness of the backrests.

The predictions of the transmissibility of the seat backrests using Model 3a showed visually
good agreement with the measured data only with the ‘new’ dynamic stiffness
corresponding to a pre-load of 100 N. With other pre-loads, the predictions seem to
overestimate the measured transmissibility. However, predictions for the foam backrest
with the same model showed good agreement with the measured data when using the ‘new’

dynamic stiffness corresponding to 100 N, 200 N and 300 N pre-loads.

The predictions of the transmissibility of the seat backrests using Model 4a did not show
good agreement with measured values when using any 'new’ dynamic stiffness. However,
the model showed promising predictions of the transmissibility of the foam backrest when

using the ‘new’ dynamics stiffness corresponding to 100 N, 200 N and 300 N pre-loads.

8.5.2.2 Dziscussion and concluding remarks

Despite some of the predictions of the transmissibility of both backrests with Model 3a and
4a showing visually good agreement with the measured data, the corresponding pre-loads
were too high to correspond to the loads of the back to the backrest cushion with seated

persons.

In conclusion, it is possible to improve the prediction of the transmissibility of backrests
when using the approximate values of the dynamic stiffness of the backrest cushions to
correspond to a larger area than the area of the indenter head, but the method merits

further investigation.

8.6 Discussion

The transmissibility models were developed from the seated-person models based on
measurements of the apparent mass of the back only. Recent studies have shown that the
effect of vibration on the seat can affect responses at the backrest during fore-and-aft
excitation (Nawayseh and Griffin, 2005a). It is anticipated that the inclusion of the effect

of vibration on the seat may improve the prediction of backrest transmissibility.
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The SIT-BAR was designed such that: i) the upper surface of the mount must be hard and
flat to provide firm contact with the ischial tuberosities, and ii) the lower surface should be
of a similar shape and size to that portion of the human buttocks normally in contact with
a seat (Whitham and Griffin, 1977). Using the SIT-BAR as the indenter head showed good
results when measuring the seat cushion dynamic properties and showed encouraging
prediction for vertical seat transmissibility when combined with the seated-person model
(Wei and Griffin, 1998¢). However, the interaction at the back-backrest, and the load
bearing at the backrest may be more complex than on the seat cushion. A reasonable
shape that can possibly represent the interaction at the back-backrest interface, possibly
like the part that represent the torso of the SAE-mannequin in the International Standard
ISO 5353, (1978) merits further development.

The prediction of the transmissibility of backrests may be improved if the ‘correct’
dynamic properties of the backrest cushions are used. For example, the prediction of Model
3a showed encouraging results with higher pre-loads (100N to 200 N). However, a higher
pre-load did not correspond to the ‘correct’ pre-load on the backrest with subjects. A
recent study by Nawayseh and Griffin (2004) reported that the static forces at the
backrest were 52.5 N with an ‘average thigh contact’ posture (i.e. upper legs parallel with
the seat surface) for subjects weighting around 73 kg. Based on this study, less than 10%
of the body weight is supported on the backrest, compared to around 75% of the body
weight supported on the seat cushion (e.g. Wei and Griffin, 1998c).

The indenter test assumes that the backrest cushion is made of a simple spring and
damper arranged in parallel. However, the backrest cushion is more complex than a spring-
damper arranged in parallel. Possibly, the indenter test to measure the dynamic properties

of backrest cushion should consider the construction of the backrest cushion.

The prediction assumed that the fore-and-aft vibration at the backrest was always
translational. Qiu and Griffin (2005) found that the pitch and roll vibration of a car,
together with the translational vibration at the seat base, made significant contributions to
the seat backrest vibration. With the seat backrest attached to the seat cushion via a pivot
(see Figure 4.1), there is a possibility that the fore-and-aft vibration at the backrest may
also include the pitching of the backrest. However, this was not quantified in the
measurements. Possibly, the prediction of fore-and-aft backrest transmissibility should take

into account the pitch vibration of the backrest.
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8.7 Conclusions

A simple linear two-degree-of-freedom lumped parameter model (Model 1) showed good
prediction of the apparent mass of the back. However, when combined with a backrest
cushion model (spring and damper arranged in parallel), the prediction of the
transmissibility of the car seat backrest and the foam backrest did not show good

agreement with the measured data.

Three alternatives models (Models 2, 3 and 4), representing the human-body were
developed and showed good prediction of the apparent mass of the_back. However, only
Model 3 and Model 4 showed encouraging predictions of the backrest transmissibility when
combined with the backrest cushion model. For these models, the backrest cushion was

attached to a mass which can rotate.

The dynamic stiffness and damping of the seat backrest and the foam backrest were
estimated to correspond to a larger area of contact between the back and the backrest
than the size of SIT-BAR. Using the ‘new’ dynamic stiffness, the predictions of the
transmissibility of both backrests using Model la were improved, although the predicted
transmissibilities were under-estimate. When using the ‘new’ stiffness with the alternative

models, only Model 3a showed good agreement with the measured data.

Although promising predictions of the transmissibility of both backrests were obtained
with some of the alternative models of the human-body model, or when using an scaled
value of the dynamic stiffness of the backrest cushion, further development is needed to

improve the predictions of the transmissibility of backrests.



Chapter 9

(General discussion

9.1 Introduction

In each chapter, the equivalent findings have been discussed. This chapter considers the
validity of using a linear techmnique to analyse the responses of the human body to
vibration and presents a general discussion of the equivalent results presented in Chapter 4

to Chapter 8 of this thesis.

9.2 Validity of using linear method

The biodynamic responses of the body, such as the fore-and-aft apparent mass of the back
and the ‘cross-axis’ response during fore-and-aft excitation as reported in Chapter 6 and
Chapter 7 have been calculated using the ‘cross-spectral density’ (CSD) method. This CSD
method is a linear analysis technique and has been used widely in previous studies to
analyse biodynamic responses of the human body to vibration. An advantage of using this
method is that it only includes energy at the output that is linearly related to the input,
and that linearity can be observed by calculating the coherency of the transfer function
(see Section 3.4.1). A high coherency (greater than 0.9) indicates that the output signal is
linearly correlated with the input signal. In addition, the CSD transfer function is a

complex function: both the modulus and phase of the transfer function can be calculated.

The transfer functions of the biodynamic responses of the body can also be calculated using
the ‘power-spectral density’ (PSD) method. Using this method, for example, the apparent
mass of the back during fore-and-aft excitation can be calculated as the square root of the
ratio of the PSD of the output (i.e. force) and the PSD of the input (i.e. acceleration).
Unlike the CSD method, the latter method only produces the modulus of the apparent
mass. It also includes both correlated and uncorrelated signals and therefore includes

‘noise’ and does not assume linearity.
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Previous studies have shown that the human body responds non-linearly in response to
vibration. In Chapter 6, the apparent mass of the back was found to be significantly non-
linear with vibration magnitude. However, there was generally high coherency between
_fore-and-aft acceleration and the fore-and-aft forces (or ‘cross-axis vertical’ forces) at the
back during each measurement, possibly suggesting that the body was behaving
approximately linearly during each measurement. Therefore, it is of interest to compare
fore-and-aft (and the ‘cross-axis’ vertical) apparent mass of the back calculated using the

CSD method with the PSD method. An example of the results is shown in Figure 9.1.

100 — T T T T

Apparent mass [kg]

Coherency

0 1 | ) )
0 2 4 6 8 10

Frequency [Hz]

Figure 9.1: Comparison of apparent mass of the back at location 3 (middle back) of one subject at

) and PSD method (-+-eeeeeer ).

0.4 ms? r.m.s. calculated using CSD method (

It may be seen that the CSD and PSD methods gave similar results. This suggests that the
OSD method used in Chapter 6 and Chapter 7 give representative values for the fore-and-
aft (and ‘cross-axis vertical’) apparent mass of the back at different condition, and that the

use of linear technique (such as in this study)} has not produced misleading results.
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9.3 General discussion

The results shown in Chapter 4 and Chapter 5 were based on the analysis of the transfer
function between the vibrator platform (or in some case, between the back of the backrest)
and the acceleration at the interface of the back-backrest at any location. Previous studies
by Fairley and Griffin (1984) and Qiu and Griffin (2004) showed that the magnitude of the
fore-and-aft transmissibility of the seat was near unity, suggesting that the vibration at the
seat-person interface is approximately similar to the input vibration (either from the floor
or the seat base). Therefore, the results Chapter 4 and Chapter 5 were presented with the
assumption that the fore-and-aft vibration between the seat and the thigh had little effect

on the vibration at the back-backrest interface.

Likewise, the results presented in Chapter 6 and Chapter 7 also based on the assumption
that the vibration on seat had little effect on the vibration at the backrest. Recent study
by Nawayseh and Griffin (2004a) showed the apparent mass on the body on the seat
during fore-and-aft vibration is affected when a wvertical backrest was used, such that
backrest reduced the forces on the seat at frequencies less than 4 Hz but increased the
forces at frequencies greater than 4 Hz. However, the extent of the effect of vibration on
the seat affecting the vibration at the backrest and vice-versa is not fully uncovered and
remains unknown. Based on the results of Nawayseh and Griffin (2004a), it can be
assumed that the decreased in the apparent mass on the seat at frequencies less than 4 Hz
and increased at frequencies greater than 4 Hz with vertical backrest may have arisen from
the coupled-effect of the vibration on the seat and the backrest. However, notwithstanding
the mechanism involved, the results in Chapter 6 and Chapter 7 were analysed with the
assumption that the high apparent mass of the body on the seat, as shown by Nawayseh
and Griffin (2004a) would produce high shear forces between the seat surface and the
thigh, resulting in only small forward and backward of the body movement in response to
fore-and-aft excitation. Based on this analogy, it is assumed that the effect of vibration on

the seat may have little effect on the responses at the back-backrest interface.

9.3.1 Mode of vibration of the body

The vibration transmitted through backrests depends on the responses of the occupants. In
Chapter 4, the principal resonance frequency of the transmissibility of backrests was found
around 5 Hz, which coincides with the principal resonance frequency of the apparent mass
of the back as reported in Chapter 6. It is possible that the resonance frequency of the

backrest transmissibility is related to the mode of vibration of the body during fore-and-aft
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excitation. If the body has a rotational mode during vertical excitation, the same mode
would be expected during fore-and-aft excitation. Kitazaki and Griffin (1997) showed that
there was a mode of the entire body involving combined bending in the lower thoracic
spine and pitching of pelvis and the upper body at the-principal resonance frequency of the
body during vertical excitation. Matsumoto and Griffin (1998) suggested that the motion
of the body at the principal resonance of the body involved a combined bending in the
lumbar spine, coupled with a rocking motion of the upper thoracic spine about the lower
thoracic spine and a pitching motion of the pelvis. Based on the results of Kitazaki and
Griffin (1997) and Matsumoto and Griffin (1998), it is suggested that the principal
resonance frequency of the apparent mass of the back could be associated with a mode of
the vibration of the entire body involving combined bending in the thoracic spine and

pitching of the pelvis and the upper body.

9.3.2 Variation in the transmissibility of backrests

The median resonance frequencies of the backrest transmissibilities of the car seat found in
Chapter 4 (4 to 5 Hz) are similar with the results reported by Qiu and Griffin (2003) who
investigated the fore-and-aft transmissibility of the backrest of a car seat (similar to the
seat used in this study) with both field and laboratory measurements. The authors found
that the principal resonance frequency of the fore-and-aft backrest transmissibility was in
the frequency range 4 to 5 Hz. It is anticipated that with different seats, there would be
slight difference in the transmissibility of backrests and in the resonance frequency of the
backrest transmissibility since the transmissibility of seats does not only depend on the
responses of the occupants, but also depends on the mechanical properties of the seats,

which may vary between seats.

The results in Chapter 4 showed that the transmissibility of a car seat and a foam backrest
was significantly varied across the vertical positions on the backrest from the seat surface,
although the resonance frequency showed little change with vertical position. It is
anticipated that variation in the apparent mass of the back during fore-and-aft vibration
may have contributed to the variation in the transmissibility of the backrest with vertical

position.

The variation of the apparent mass of the back with vertical positions on the back was
investigated in Chapter 6. In that study, the apparent mass of the back was measured
using a rigid block of wood (120 mm in height) placed between the back and the force
platform at five locations to the back so as to investigate the variation in the apparent
mass of the back with vertical position. Prior to the test, subjects were instructed to adopt

an upright posture with the back making contact with the block while maintaining the
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posture at all locations. Assuming that subjects adopted a similar posture at all locations,
the results obtained from this study may be representative of the variation in the apparent
mass of the back as if the whole-back in contact with the backrest (i.e. the wooden block is
removed between the back and the force platform). However, for locations at-the lower
back, it was found ‘necessary’ for the subjects to make some voluntary muscle control of
the posture to avoid the upper back touching the force platform since there was a gap
between the upper back and the force platform. This has a potential of altering the body
posture as well as the muscle stiffness within the body and could affect the responses.
Ideally, five ‘mini’ force platforms were required to measure the variation in the forces
between the back and the backrest with the whole-back in contact with the backrest, but
due to the limitations in the equipments, the former method was used. Nevertheless, the
results in Chapter 6 showed that the apparent mass of the back varied significantly with
vertical location on the back. The apparent mass of the lower and the middle back were

greater than at the upper back at frequencies less than 10 Haz.

Upon assuming that the changes in posture with vertical location had little effect on the
apparent mass of the back during fore-and-aft excitation, the results of Chapter 6 showed
that during fore-and-aft excitation, two resonance frequencies were clearly observed around
2 Hz and 5 Hz, where the resonance at 5 Hz was a major resonance. As suggested earlier,
the mode of vibration of the body at the principal resonance frequency could be associated
with a mode of vibration of the entire body involving combined bending in the thoracic
spine and pitching of the pelvis and the upper body. The resonance frequency of the
apparent mass of the upper back around 2 and 3 Hz could be associated with the pitching
of the body, similar to the mode of vibration of the body around 2 Hz found by Nawayseh
and Griffin (2005a) which they suggested to be associated with pitching mode of the body

during fore-and-aft excitation.

The modes of vibration of the body during fore-and-aft excitation could cause relative
movement over the spine during the vibration exposure. Matsumoto and Griffin (1998)
measured the transmissibility to the first, fifth and tenth thoracic vertebra (T1, T5, and
T10), and to the first, third and fifth lumbar vertebra (L1, L3 and L5) and to the pelvis
(the posterior-superior iliac spine) from the seat surface at the principal resonance
frequency of the body during vertical excitation so as to investigate the movement of the
upper-bodies of seated persons. The authors showed that there was a clear relative motion
between the locations over the spine at the principal resonance frequency: all measurement
points did not move in the same manner. They found bending and rocking motions in the
spine appeared to be dominant at frequencies around the principal resonance frequency of
the body. The upper thoracic spine, between T1 and T10, tended to rock about a point on

the lower thoracic spine in the sagittal plane, with some slight bending. In the lower
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thoracic spine and the lumbar spine region, bending motion along the spine was more
significant than in the upper thoracic spine. Some pitch motion of the pelvis occurred at
this frequency, although the pitch resonance of the pelvis is at a higher frequency. There
was also pitch motion of the head at the principal resonance of the body. There was also
slight compression and expansion between the measurement points on the spine at the
principal resonance frequency. Therefore, the results of Chapter 6, together with the
findings of Kitazaki and Griffin (1997), Matsumoto and Griffin (1998) and Nawayseh and
Griffin (2005a), suggest that the variation in the transmissibility of the backrest during
fore—énd—aft vibration could be caused by the relative movement along the épinal column

due to different modes of the body, associated with the variation in the apparent mass of
the back.

9.3.3 Non-linearity

A non-linearity in the fore-and-aft backrest transmissibility with vibration magnitude
found in Chapter 4 has also been observed previously (Qiu and Griffin, 2003). The non-
linearity in the transmissibility might be due to a non-linear response of the body or a non-
linear response of the seat, or both. In Chapter 6, the apparent mass of the back was
shown to be significantly non-linear with vibration magnitude. Nawayseh and Griffin
(2005a) also found that the fore-and-aft apparent mass of the back during whole-body fore-
and-aft vibration was non-linear with vibration magnitude. Wei and Griffin (1997)
concluded that the vibration magnitudes did not have an important influence on the
stiffness or the damping of a foam block. Therefore, the non-linearity in the body is likely
to have a greater influence in the non-linearity of the transmissibility of backrests than the

non-linearity in the dynamic properties of the backrests with vibration magnitude.

The causes of the non-linearity of the body with vibration magnitude during exposure to
fore-and-aft vibration are not known. Possible causes include changes in muscle activity,
change in posture, the geometry of the body and non-linear mechanical properties of the

soft tissue.

A possibility causing the non-linearity of the back during exposure to fore-and-aft
vibration could be associated with the ‘softening’ effect of the body with increasing
vibration magnitude, combined with involuntary changes in the muscle tension within the
body. Matsumoto and Griffin (2002) suggested that the non-linearity of the body during
vertical excitation may be partly caused by involuntary changes in the muscle tension. It is
suggested that with increasing vibration magnitude, the feet involuntarily applied some
push force proportional to the fore-and-aft acceleration so as to stabilise the pitching

movement of the body while at the same time allowing the ‘natural’ softening response of
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the body. Nawayseh and Griffin (2005a) found that the apparent mass of the back was
significantly non-linear with vibration magnitude and there was an evident of non-linearity
in the fore-and-aft apparent mass of the feet with vibration magnitude during exposure to
fore-and-aft whole-body vibration (Nawayseh and Griffin, 2005b). Therefore, it is
anticipated that the non-linearity in the apparent mass of the back may be associated with
the combined effect of the ‘softening’ effect of the body with the involuntary push force at

the feet with increasing vibration magnitude.

The non-linearity of the body with vibration magnitude during fore-and-aft excitation may
be partly caused by the shear deformation of the tissue beneath between the thigh and the
seat surface. Kitazaki and Griffin (1997) showed that the shear deformation of the buttock
tissue can contribute to the decrease in the natural frequency of the entire body mode and
the principal resonance frequency of the body during vertical excitation, due to the much
lower shear stiffness and axial stiffness of tissue. Nawayseh (2004) suggested that the shear
deformation of the tissue beneath the pelvis to have contributed to the non-linearity in the
fore-and-aft ‘cross-axis apparent mass’ of the body during vertical vibration. It is possible
that this shear deformation of the tissue beneath the pelvis may have partly contributed to

the non-linearity of the body during fore-and-aft excitation.

There also could be an effect of the viscera on the non-linearity of the body during fore-
and-aft excitation. Although there is no study reported on the effect of viscera on the non-
linearity of the body during fore-and-aft excitation, Mansfield and Griffin (2002) showed
that by restricting the visceral movement (by the elasticated belt worn by subjects around
the abdomen) the resonance frequencies of the apparent mass of the body was significantly
higher compared to when subjects seated an upright posture without wearing the belt. A
similar study to investigate the effect of the visceral movement on the non-linearity of the

apparent mass of the back merits further study.

9.3.4 Factors affecting transmissibility of backrests

The transmissibility of a backrest is largely depended on the apparent mass of the back.
Any factors that could affect the apparent mass of the back would have an effect to the

transmissibility of backrests.

In Chapter 7 (Section 7.2), the resonance frequency of the apparent mass of the back
decreased with increasing backrest inclination and this is probably due to an increase in
the percentage of the body mass supported on the inclined backrest. Rakheja et al. (2002)
found that the resonance frequency of the apparent mass of the body when subjects

adopted an automotive sitting posture (i.e. with inclined seat-pan and inclined backrest)



Chapter 9: General discussion 267

was between 6.5 and 8.6 Hz, which is higher than most previous studies where subjects
have sat with a vertical backrest (approximately around 5 Hz; e.g. Fairley and Griffin,
1989; Mansfield and Griffin, 2000 and Nawayseh and Griffin, 2003). It that study, it was
found that the percentage of the body mass supported on the seat was 70%, while around
30% was supported on the inclined backrest. Wang et al. (2004) also found that the
resonance frequency of the apparent mass of the body on the seat showed resonance
around 5 Hz with a vertical backrest during vertical excitation, and increased when the
back was supported by an inclined backrest (up to 12° from vertical). A reduction in the
percentage of body mass supported on the seat with an inclined backrest may, in part,
cause an increased in the resonance frequency of the apparent mass of the body during
vertical excitation. Consequently, an increase in the percentage of body mass supported on
the backrest with increasing backrest inclination may have contributed to an increase in
the dynamic stiffness of the backrest. This might partly explain the increase in the
resonance frequency of the fore-and-aft backrest transmissibility with increasing backrest

inclination, as found in Chapter 5 (Section 5.3).

With increasing push force at the feet, there was an increase in the resonance frequency of
the apparent mass of the back (see Chapter 7, Section 7.3). Possibly, this is due to the
‘stiffening’ effect of the body. With increasing push force at the feet, the apparent mass of
the back was increased, suggesting that the loads on the backrest were also increased. This
may have contributed to an increase in the dynamic stiffness of the backrest cushion. With
increasing push force at the feet, the resonance frequency of the fore-and-aft backrest
transmissibility was increased (Chapter 5, Section 5.4). It is reasonable to suggest that an
increase in the resonance frequency of the fore-and-aft backrest transmissibility with
increasing push force at the feet is most probably due to an increase in the loads on the
backrest from the push force at the feet, which may have contributed to an increase in the

dynamic stiffnesses of the backrests.

In contrast, varying the seat-pan inclination (see Chapter 7, Section 7.2) and varying the
fore-and-aft footrest position (see Chapter 7, Section 7.3) showed little effect on the
apparent mass of the back and consequently had little effect on the fore-and-aft

transmissibility of backrests (Chapter 5, Sections 5.3 and 5.4).

9.3.5 Biodynamic responses at low frequency (i.e. near 0 Hz)

During vertical excitation and at low frequencies (i.e. near 0 Hz), the apparent mass at
this frequency is approximately equal to the subject static weight supported by the seat
(Griffin, 1990). Some studies have found that the weight supported on the seat is
approximately 75% of the subject’s weight (e.g. Wei and Griffin, 1998c and Nawayseh and
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Griffin, 2004). In Chapter 6, the apparent mass of the full back at low frequency was
approximately 45% of the subjects’ weight. However, in static conditions, the forces
measured at vertical backrest were approximately 10% of the subject’s weight (Nawayseh
and Griffin, 2005a). An increase in the apparent mass at low frequency during fore-and-aft
excitation compared to the forces at the backrest in static condition suggests that the
apparent mass of the back at low frequency: i) did not equate with the static mass of the
upper body leaning against the backrest, and ii) it only indicates the dynamic forces

between the back and the backrest during fore-and-aft excitation.

9.3.6 Conceptual model

Exposure to whole-body vibration causes complex dynamic responses of the body. This
may cause unpleasant sensations giving rise to discomfort. As the transmission of vibration
to the backrest of a seat can cause the discomfort of drivers and passengers, the ultimate
aim of studying the biodynamic responses of the body and the transmissibility of backrest
is to change, for example, a seated person from saying, “I am feeling uncomfortable” to “I
am feeling comfortable”. However, dealing with this problem needs a systematic study to
understand the causes of discomfort, which include the study of the vibration being
transmitted to the body through the seat and the biodynamic responses at the seat-person

interfaces, such as investigated in this thesis.

British Standard BS 6841 (1987) suggests that during fore-and-aft vibration in a rigid seat,
the backrest would primarily cause the discomfort to the occupants at frequencies greater
than about 2 Hgz if a cushion and backrest have the same level of vibration. In practice,
seats are not rigid. The seat and backrest cushions can amplify the vibration though the
seat cushion, or the backrest. Furthermore, any fore-and-aft resonance of the backrest and
variation in the fore-and-aft vibration at the backrest will increase further the importance
of backrest vibration to ride comfort. A recent study by Price et al. (2005) showed that
during fore-and-aft vibration, the presence of a rigid vertical backrest caused increased
sensitivity to vibration between 2 and 6 Hz. In the same study, the authors found that
greatest discomfort was experienced in the upper body in the frequency range 0.5 to 16 Hz
at all vibration magnitudes tested (0.05, 0.2 and 0.8 ms” r.m.s.). The most discomfort in
the upper body was experienced at 4 Hz with 0.2 and 0.8 ms™ r.m.s. vibration magnitude.
They suggested that the discomfort experienced in the upper body was due to the backrest
transmitting vibration directly to the upper torso. They also found that the vibration
frequency had a greater effect on the location on discomfort that than the vibration
magnitude. The results in Chapter 4 showed that there was a principal resonance of the

fore-and-aft backrest transmissibility around 5 Hz and the vibration transmitted to the



Chapter 9: General discussion 269

back varied significantly across the vertical height from the seat surface between 2 and 10
Hz. The effect of vibration magnitude on the transmissibility of backrests was also
apparent. It is reasonable to suggest that the greatest discomfort felt by the seated
subjects.around 4 Hz in the study of Price et al. (2005) may be attributed to the resonance
frequency of the backrest transmissibility around the same frequency as found in Chapter
4. In addition, the greatest transmissibility was measured at the middle part of the
backrests (see Chapter 4). Furthermore, the results in Chapter 5 showed that the fore-
and-aft vibration on the backrest was significantly modified with increasing inclination of
the backrest and with increasing push force at the feet (i.e. the back was pushed against
the backrest). The results in Chapter 4 and Chapter 5, suggest that the sensitivity of the
back may not only depend on the vibration frequency and vibration magnitude, but also
may depend on the location at the backrest as well as other factors, such as the backrest
inclination and variation in push force at the feet. These factors are important when

considering the effect of backrest vibration on ride discomfort.

The human-body lumped parameter models developed in Chapter 8 to predict the
apparent mass were based on the measurements of the apparent mass of the back only.
Nawayseh and Griffin (2005a and 2005b) showed that the effect of the vibration of the seat
can affect the responses at the backrest of the seated person during fore-and-aft excitation.
In addition, the apparent mass of the back was influenced by different sitting thigh contact
between the seat surface and the backrest from ‘maximum thigh contact’ to ‘minimum
thigh contact’. The human-body model merits further development, which could include

the measurement of the apparent mass on the seat during fore-and-aft excitation.

The seat-person models were developed in Chapter 8 so as to predict the backrest
transmissibility of the backrest during fore-and-aft excitation. The models showed good
prediction on the transmissibility of backrest, although further development is required.
Having a mathematical seat-person model, such as in Chapter 8 would enable the
prediction of fore-and-aft backrest transmissibility, which can be used, for example, by the
seat designer to optimise the seat design as well as to improve the comfort. However, the
models were developed based on the measurements of the apparent mass of the back
(Chapter 6) and the impedance of the backrest cushions (Chapter 8) such that the input
vibration at the base of the seat was constrained to the fore-and-aft direction, even though
this is often not the case in vehicles. Qiu and Griffin (2003) conducted field and laboratory
studies to measure the fore-and-aft transmissibility from the seat base to the seat surface
and to the backrest. The authors found that the fore-and-aft transmissibility from the floor
to the backrest laboratory test exhibited three resonance frequencies at about 5 Hz, 28 Hz
and 48 Hz. Similar resonances of the transmissibility of backrest were also obtained in the

car test measurements. However, due to lower coherency and the multi-input vibrations,
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the peaks in the field test were less visible compared to the laboratory study. In the field
test results, the fore-and-aft transmissibility to the backrest tended to be higher than the
fore-and-aft transmissibility to the seat. The authors suggested that this may be due to the
effect of pitch and roll motions on the seat pan were not as significant as on the backrest.
In addition, they found that the contribution of the vertical input to the seat pan is small
compared to the backrest due to smaller inclined angle of the seat pan. While the results
from the laboratory tests provided a much better coherency for the transmissibility and the
vibration input spectra can be controlled and manipulated, the field test may incorporate
the multi-axis vibration input and that the subject may adopt the real sitting posture in
vehicles. The authors (Qiu and Griffin, 2004 and 2005) also evaluated the vibration
transmitted to the backrest of car seat using single-input and multi-input models to
determine the vibration input at the seat base that can induce the fore-and-aft vibration at
the backrest. The authors found that the fore-and-aft vibration and the vertical vibration,
but not the lateral vibration at the four corners of the seat base, contributed to the fore-
and-aft vibration (Qiu and Griffin, 2004). Using the same single-input and multi-input
models model, they found that the pitch vibration, together with the translational
vibration at the seat base, made significant contributions to the fore-and-aft backrest
vibration (Qiu and Griffin, 2005). It seems important to investigate the effect of pitching
vibration at the backrest to the biodynamic responses of the body and the transmissibility
of backrests as this could advance the development of the seat-person model for predicting

backrest transmissibility.



Chapter 10

General conclusions and future work

10.1 General conclusions

The vibration transmitted through backrests with seated subjects showed a principal
resonance frequency of the transmissibility of backrests around 5 Hz (see Chapter 4). This
coincides with the principal resonance frequency of the apparent mass of the back (see
Chapter 6). It is possible that the resonance frequency of the backrest transmissibility is
related to the mode of vibration of the body during fore-and-aft excitation. It is suggested
that at the principal resonance frequency, the apparent mass of the back is associated with
a mode of vibration of the entire body involving combined bending in the thoracic spine
and pitching of the pelvis and the upper body. An additional resonance frequency of the
body around 2 Hz might be associated with pitching a mode of the body during fore-and-

aft excitation.

The fore-and-aft transmissibility of a seat backrest and a foam backrest varied significantly
between 2 Hz and 10 Hz when measured at five vertical locations of the backrest above the
seat surface varied significantly between 2 Hz and 10 Hz, although the resonance
frequencies showed little changed (see Chapter 4). It is anticipated that the variation in
the transmissibility of the backrest during fore-and-aft vibration may be attributed to
relative movement along the spinal column caused by the different modes of the body
which can be associated with the variation in the apparent mass of the back (see Chapter
6).

There was a systematic decrease in the principal resonance frequency of the apparent mass
of the entire back and significant reductions in the apparent mass of the back at
frequencies greater than 5 Hz with increasing vibration magnitude (see Chapter 6). The
non-linearity of the body is suggested to have greatly influenced the non-linearity in the
transmissibility of backrest with vibration magnitude. With increasing vibration

magnitude, the fore-and-aft backrest transmissibilities of the car seat and the foam
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backrest at five locations showed significant changes at frequencies between 2 Hz and 10
Hz (see Chapter 4). The resonance frequencies and transmissibilities at resonance for both

backrests at all locations decreased with increasing vibration magnitude.

An increase in the resonance frequency of the fore-and-aft backrest transmissibility with
increasing backrest inclination and with increasing push force at the feet found in Chapter
5 is probably due to an increase in the dynamic stiffness of the backrest cushions which
can be associated with an increase in the loads on the backrest cushion from: i) an
increased in the percentage of body mass supported on the backrest with increasing
backrest inclination (see Section 7.2, Chapter 7) and ii) from the voluntary push force at
the feet (see Section 7.3, Chapter 7). Conversely, varying the seat-pan inclination (see
Section 7.2, Chapter 7) and varying the fore-and-aft footrest position (see Section 7.3,
Chapter 7) had little effect on the apparent mass of the back and consequently had little

effect on the fore-and-aft transmissibility of backrests.

At low frequencies (near to 0 Hz), there was a significant difference in the apparent mass
of the back with different input locations to the back. The apparent mass of the back at
the lower back was greater that at the middle back and the upper back. The results
suggest that the interaction between the back and the backrest are complex and the
modulus of the apparent mass at low frequencies does not represent the mass of the back

supported on the backrest.

When a linear two degree-of-freedom model of the seated-person without a rotational
degree-of-freedom was combined with a backrest cushion model (obtained from the
indenter test), the predicted transmissibility of the backrests did not show a good fit with
the measured data, although the seated-person model can predict the fore-and-aft apparent
mass of the back. The prediction of the resonance frequency of the backrest
transmissibility was improved when the value of the stiffness and damping of the backrest
cushion was approximated to the area of contact between the back and the backrest. With
an alternative model of the body with rotational capability, the prediction of the backrest
transmissibility showed good agreement with the measured data between 0.5 Hz and 10
Hz. The seat-person model developed in this study is a first step towards developing a
standardised method for predicting backrest transmissibility and requires further

development.

10.2 Future work

This thesis focuses on the biodynamic responses of the body and the transmissibility of the

backrests due to fore-and-aft excitation only. As seated persons in the real world are
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exposed to multi-axis input excitation, it would be wise to further the studies of the
biodynamic responses of the body and the transmissibility of seats to multi-axis vibration.
There is an evident that the biodynamic responses of seated persons obtained in vehicle
multi-axis measurements indicated a slight different outcome compared to the single-axis
measurements, in particular in the z-direction such that the mechanical impedance of the
body measured in multi-axis vibration input were much greater than the impedance of the
body measured in a laboratory with a single-axis input vibration between 3 and 20 Hz
(Holmlund and Lundstrém, 2001). This could be further investigated by measuring the
apparent mass of the body at the seat and at the backrest in vertical, fore-and-aft and
lateral directions simultaneously when the seated persons are exposed to multi-axis input
vibration. This could help to extend the knowledge of the responses of the body and help
to uncover the underlying mechanisms of the responses of the body to a real vibration
input. Furthermore, the measurement of the biodynamic responses of body and
transmissibility of seats exposed to multi-axis input vibration would enable researchers to
develop mathematical models to predict the transmissibility of seats and backrests

simultaneously in vertical, fore-and-aft and lateral directions.

The results in Chapter 5 showed that backrest inclination and push force at the feet have
significant influences on the fore-and-aft vibration at the back-backrest interface. This
suggests that sensitivity at the back-backrest interface may change with different
inclinations of backrest or with different push force at the feet. Further study on the
sensitivity of the back (discomfort) with varying backrest inclination and varying push

force at the feet during fore-and-aft excitation merits investigation.

In Chapter 6, three body modes were suggested based on the driving point responses, but
it was difficult to identify the mechanisms that cause these modes. However, it is possible
to identify the mechanisms causing the body modes by measuring the transmissibilities to
different locations on body, such as the study of Matsumoto and Griffin (1998). This
knowledge will help to improve the modelling of the seated-body, in particular, when

developing a mechanistic model.

The seated-person model developed in this study to predict the apparent mass of the back
is a linear model. It can only predict the apparent mass of the back at a specific vibration
magnitude. The non-linearity of the body response at different vibration magnitudes
revealed in Chapter 6 suggests a non-linear body model is needed to represent the non-

linear response of the body.

The biodynamic models of a seated person developed in Chapter 8 exclude the effects of
vibration on the seat surface. A study by Nawayseh and Griffin (2005a) reported that

vibration on the seat surface has a significant influence on the responses at the backrest.
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The next logical step is to include the measurements of the apparent mass on the seat and
the apparent mass at the backrest for predicting the impedance of the body at both

surfaces.

The indenter test method used in Section 8.3 (Chapter 8) provides reasonable dynamic
properties for both backrests. However, this method was originally developed to obtain the
dynamic stiffness and damping of seat cushions during vertical vibration, and for
simplicity, the seat cushion is assumed to be made of simple spririg and damping arranged
in parallel. In addition, the indenter head used (i.e. SIT-BAR) is a good approximation of
the interface between the buttock and the seat surface. A new design for the indenter head
that may represent the interaction between the principal load bearing at the back-backrest

interface merits further study.



Appendix A

Fore-and-aft transmissibility of

backrests: individual data

A.1 Characteristics of subjects

Table A.1 Characteristics of subjects used in the experiment described in Chapter 4.

Subject no. Age Stature Mass Seat-to-shoulder

(year) (m) (kg) (m)
1 25 1.76 78 0.61
2 23 1.76 78 0.59
3 20 1.75 61 0.62
4 28 1.75 72 0.61
5 26 1.74 72 0.62
6 25 1.73 65 0.60
7 22 1.82 70 0.67
8 23 1.70 80 "0.63
9 32 1.69 67 0.60
10 22 1.65 58 0.58
11 27 1.86 99 0.69
12 22 1.78 67 0.64
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A.2 Instructions to subjects prior the experiment

INSTRUCTION TO SUBJECT

You will be participating in a study investigating the variation of the

transmissibility of backrest above the seat surface.
This experiment will last approximately 60 minutes.

Through the experiment, please try to ensure that you:

1. Adopt an upright posture
2. Maintain full contact of your upper body with the backrest
3. Adopt a leg posture such that the upper and the lower legs always
perpendicular
4. Maintain your head position by looking forward
5. Rest your hands on your lap and hold the emergency button
Important:

In case of emergency during the test, please do not hesitate to press the STOP button. The

vibrator will come to rest.

Thank you for your participation.
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A.3 Individual results

Subject 1 - car seat backrest Subject 1 - foam backrest
] Location & Location S
2 B
£ -7
Location 4 Location 4
Vﬁ&‘?{\ |
D
0
Location 3 Location 3

Location 2 Location 2

(=]

Transmissibility
N

2 1
0
Location 2 Location 2
- ; ) >
5 10 15 5 10 15 20
Frequency [Hz] Frequency [Hz]

Figure A.1: The transmissibilities of a seat backrest and a foam backrest at all locations for subject
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Figure A.2: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 1 at all five vibration magnitudes. 0.1 ms® r.m.s. (———), 0.2 ms? r.m.s.

(----),04 ms?rms. (————— ), 0.8 ms?rm.s. (oo ) and 1.6 ms? r.m.s. (—).
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Figure A.3: The transmissibilities of a seat backrest and a foam backrest at all locations for subject
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Figure A.4: The coherencies of the transmissibility of a seat backrest and a foam backrest at all

locations for subject 2 at all five vibration magnitudes. 0.1 ms? rm.s. (——), 0.2 ms® r.ms.
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Figure A.5: The transmissibilities of a seat backrest and a foam backrest at all locations for subject
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Figure A.6: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
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Subject 4 - car seat backrest Subject 4 - foam backrest
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Figure A.7: The transmissibilities of a seat backrest and a foam backrest at all locations for subject

4 at all five vibration magnitudes. 0.1 ms?r.m.s. (——), 0.2 ms?rm.s. (- ---), 0.4 ms?r.ms.
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Figure A.8: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 4 at all five vibration magnitudes. 0.1 ms? rms. (———), 0.2 ms? r.ms.

(----),04ms?rms. (———— ), 0.8 ms? rom.s. (seeeeeees ) and 1.6 ms? rm.s. (——).
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Figure A.9: The transmissibilities of a seat backrest and a foam backrest at all locations for subject
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Figure A.10: The coherencies of the transmissibility of a seat backrest and a foam backrest at all

locations for subject 5 at all five vibration magnitudes. 0.1 ms? r.m.s. (———), 0.2 ms? r.ms.

(~---),04 ms?rms. (———— ), 0.8 ms? r.m.s. (rerereeee ) and 1.6 ms? r.m.s. (
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Subject 6 - car seat backrest Subject 6 - foam backrest
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Figure A.11: The transmissibilities of a seat backrest and a foam backrest at all locations for
subject 6 at all five vibration magnitudes. 0.1 ms? r.m.s. (——), 0.2 ms? rm.s. (~ - --), 04

ms? r.m.s. (~———— )}, 0.8 ms? r.ms. (e )} and 1.6 ms? r.m.s. (——).
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Figure A.12: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 6 at all five vibration magnitudes. 0.1 ms? rm.s. (———), 0.2 ms? r.m.s.

(----),04ms?rms. (————- ), 0.8 ms?rm.s. (voeee }and 1.6 ms?r.m.s. (—).
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Subject 7 - car seat backrest

Subject 7 - foam backrest
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Figure A.13: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 7 at all five vibration magnitudes. 0.1 ms? r.m.s. (

ms? r.ms. (————— ), 0.8 msZrm.s. (oo ) and 1.6 ms? r.m.s. (———).
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Figure A.14: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 7 at all five vibration magnitudes. 0.1 ms® r.m.s. (———), 0.2 ms® r.m.s.

(----),04ms?rms. (————m ), 0.8 ms? r.m.s. (reeereees ) and 1.6 ms? r.m.s. (———).
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Subject 8 - car seat backrest

Subject 8 - foam backrest
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Figure A.15: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 8 at all five vibration magnitudes. 0.1 ms? rm.s. (——), 0.2 ms® rmss. (—---), 04

ms?rms. (————— ), 0.8 ms?r.m.s. (voeeeees ) and 1.6 ms?r.m.s. (—).
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Figure A.16: The coherencies of the transmissibility of a seat backrest and a foam backrest at all

locations for subject 8 at all five vibration magnitudes. 0.1 ms? r.m.s. (———), 0.2 ms? r.ms.

(----),04ms?rms. (————- ), 0.8 ms?r.ms. (o) and 1.6 ms? r.m.s. (
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Subject 9 - car seat backrest

Subject 9 - foam backrest
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Figure A.17: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 9 at all five vibration magnitudes. 0.1 ms? r.m.s. (

ms?rm.s. (————— }, 0.8 ms?r.m.s. (seeeee } and 1.6 ms?r.m.s. (——).
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Figure A.18: The coherencies of the transmissibility of a seat backrest and a foam backrest at all

locations for subject 9 at all five vibration magnitudes. 0.1 ms? r.m.s. (——), 0.2 ms? r.ms.

(----),04 ms?’rms. (————-— ), 0.8 ms?rms. (

)} and 1.6 ms? r.m.s. (
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Subject 10 - car seat backrest Subject 10 - foam backrest
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Figure A.19: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 10 at all five vibration magnitudes. 0.1 ms? rm.s. (——), 0.2 ms®? rmss. (-~--), 0.4
ms? r.m.s. (————— ), 0.8 msZr.m.s, (creeeren ) and 1.6 ms?r.m.s. (———).
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Figure A.20: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 10 at all five vibration magnitudes. 0.1 ms® r.m.s. (—), 0.2 ms®? r.ms.

(----),04ms?rms. (————— ), 0.8 ms?ram.s, (v ) and 1.6 ms?rms. (——).
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Subject 11 - car seat backrest

Subject 11 - foam backrest
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Figure A.21: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 11 at all five vibration magnitudes. 0.1 ms? rm.s. (——), 0.2 ms?rms. (- ---), 0.4
ms? rms. (————— ), 0.8 ms?r.m.s. (oo ) and 1.6 ms? r.m.s. (——).
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Figure A.22: The coherencies of the transmissibility of a seat backrest and a foam backrest at all

locations for subject 11 at all five vibration magnitudes. 0.1 ms? r.m.s. ( ), 0.2 ms? rm.s.

(----),04ms?rms. (————m ), 0.8 ms?rm.s. (veoereees ) and 1.6 ms? r.m.s. (——).
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Subject 12 - car seat backrest Subject 12 - foam backrest
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Figure A.23: The transmissibilities of a seat backrest and a foam backrest at all locations for

subject 12 at all five vibration magnitudes. 0.1 ms® rm.s. (——), 0.2 ms? rmss. (—-~-), 0.4
ms?rms. (————- ), 0.8 ms?r.m.s. (seereee ) and 1.6 ms?r.m.s. (——).
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Figure A.24: The coherencies of the transmissibility of a seat backrest and a foam backrest at all
locations for subject 12 at all five vibration magnitudes. 0.1 ms? r.ms. (———), 0.2 ms? rms.

(----),04 ms?rms. (———— ), 0.8 ms? ramus. (veeeeeees ) and 1.6 ms? r.m.s. (——).



Appendix B

Effect of foam thickness: individual

data

B.1 Characteristics of subjects

Table B.1 Characteristics of subjects used in the experiment described in Chapter 5, Section 5.2.

Subject no. Age Stature Mass

(year) (m) (kg)
1 21 1.63 56
2 22 1.70 60
3 32 1.70 67
4 38 1.83 ' 87
5 21 1.84 74
6 26 1.85 93
7 25 1.79 65
8 27 1.70 65
9 26 1.68 75
10 26 1.75 72
11 25 1.75 73
12 24 1.75 73
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B.2 Instructions to subjects prior the experiment

INSTRUCTION TO SUBJECT

You will be participating in a study investigating the effect of foam thickness on

the transmissibility of backrest.
This experiment will last approximately 60 minutes.

Through the experiment, please try to ensure that you:

6. Adopt an upright posture

7. Maintain full contact of your upper body with the backrest

8. Adopt a leg posture such that the upper and the lower legs always
perpendicular

9. Maintain your head position by looking forward

10. Rest your hands on your lap and hold the emergency button
Important:

In case of emergency during the test, please do not hesitate to press the STOP button. The

vibrator will come to rest.

Thank you for your participation.
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B.3 Individual results

Transmissibility
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Figure B.1: The transmissibilities of foam backrest with twelve subjects at a vibration magnitude

of 0.1 ms? r.m.s.: 25 mm (———), 50 mm (- - —-), 100 mm 3 (————— ) and 200 mm (oo ).
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Figure B.2: The coherencies of the transmissibility of foam backrest with twelve subjects at a

vibration magnitude of 0.1 ms®? r.m.s.: 25 mm (——), 50 mm (- - - ~), 100 mm 3 (———— —) and
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Figure B.3: The transmissibilities of foam backrest with twelve subjects at a vibration magnitude

of 0.2 ms? r.m.s.: 25 mm ( ), 50 mm (- - ~-), 100 mm 3 (————~— ) and 200 mm (-+eeeeee ).
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Figure B.4: The coherencies of the transmissibility of foam backrest with twelve subjects at a

), 50 mm (- - - -), 100 mm 3 (————— ) and

vibration magnitude of 0.2 ms? r.m.s.: 25 mm (
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Figure B.5: The transmissibilities of foam backrest with twelve subjects at a vibration magnitude

), 50 mm (- - —~), 100 mm 3 (————— ) and 200 mm (-o-eeeeeee ).
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Figure B.6: The coherencies of the transmissibility of foam backrest with twelve subjects at a
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Figure B.7: The transmissibilities of foam backrest with twelve subjects at a vibration magnitude

of 0.8 ms? r.m.s.: 25 mm ( ), 50 mm (- ——~), 100 mm 3 (————— ) and 200 mm (--eeoeee ).
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Figure B.8: The coherencies of the transmissibility of foam backrest with twelve subjects at a

), 50 mm (- -~ - -), 100 mm 3 (————-— ) and

vibration magnitude of 0.8 ms? r.m.s.: 25 mm (
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Figure B.9: The transmissibilities of foam backrest with twelve subjects at a vibration magnitude

of 1.6 ms? r.m.s.: 25 mm (——), 50 mm (- - - -), 100 mm 3 (~———— ) and 200 mm (
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Figure B.10: The coherencies of the transmissibility of foam backrest with twelve subjects at a

vibration magnitude of 1.6 ms? r.m.s.: 25 mm (
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Appendix C

Apparent mass of the back:

individual data

C.1 Characteristics of subjects

Table C.1 Characteristics of subjects used in the experiment described in Chapter 6.

Subject no. Age Stature Mass Seat-to-shoulder

(year) (m) (kg) (m)
1 22 1.78 67 0.64
2 20 1.75 61 0.62
3 23 1.71 64 0.58
4 23 1.70 80 0.63
5 26 1.74 72 0.62
6 21 1.78 63 0.64
7 21 1.64 50 0.59
8 23 1.76 78 0.59
9 28 1.70 95 0.60
10 26 1.73 70 0.63
11 27 1.66 85 0.60
12 22 1.65 67 0.64
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C.2 Instructions to subjects prior the experiment

INSTRUCTION TO SUBJECT

You will be participating in a study investigating the variation of the apparent

mass of the back with different input location to the back.
This experiment will last approximately 60 minutes.

A wooden block will be placed between your back and the force platform. Through
the experiment, please try to ensure that you:

11. Adopt an upright posture
12. Maintain contact of your back with the wooden block

13. Adopt a leg posture such that the upper and the lower legs always

perpendicular
14. Maintain your head position by looking forward
15. Rest your hands on your lap and hold the emergency button

At the lower locations (i.e. Location 1 and Location 2), please maintain the upright
posture and ensure your upper back not touching the force platform. A practice session
will be given before the actual vibration exposure. It is important that you DO NOT touch

your upper back with the force platform at these two locations.

Important:

In case of emergency during the test, please do not hesitate to press the STOP button. The

vibrator will come to rest.

Thank you for your participation.
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C.3 Individual results
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Figure C.1: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 1 at 0.1 ms? r.m.s. (
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Figure C.2: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 2 at 0.1 ms? r.m.s. (
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Figure C.3: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 3 at 0.1 ms? r.m.s. (
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Figure C.4: The moduli of the apparent mass of the back and the corresbonding phase and

coherency at all locations for subject 4 at 0.1 ms™? r.m.s. (

), 0.2 ms?r.ms. (----), 04 ms

) and 1.6 ms? r.m.s. (———).
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Figure C.5: The moduli of the apparent mass of the back and the corresponding phase and
coherency at all locations for subject 5 at 0.1 ms® r.m.s. ——), 0.2 ms”’r.ms. (--—--),04 ms
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Figure C.6: The moduli of the apparent mass of the back and the corresponding phase and
coherency at all locations for subject 6 at 0.1 ms? r.mss. (——), 0.2 ms?r.mss. (-—~--), 0.4 ms

*rms. (————— ), 0.8 ms?r.m.s. (soeeeeees ) and 1.6 ms?rm.s. (——).
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Figure C.7: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 7 at 0.1 ms” rm.s. (——), 0.2 ms”r.m.s. (- ---), 0.4 ms
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Figure C.8: The moduli of the apparent mass of the back and the corresponding phase and
coherency at all locations for subject 8 at 0.1 ms? r.m.s. —), 0.2 ms’r.ms. (-~--), 0.4 ms
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Figure C.9: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 9 at 0.1 ms? r.m.s. (——), 0.2 ms?r.ms. (~—--), 0.4 ms
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Figure C.10: The moduli of the apparent mass of the back and the corresponding phase and
coherency at all locations for subject 10 at 0.1 ms? r.ms. (——), 0.2 ms? rm.s. (----), 0.4

ms?rms. (————— ), 0.8 ms?rm.s. (e ) and 1.6 ms? r.m.s. (——).
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Figure C.11: The moduli of the apparent mass of the back and the corresponding phase and

coherency at all locations for subject 11 at 0.1 ms? rm.s. (——), 0.2 ms? rms. (- - - -), 0.4
ms?rms. (————— ), 0.8 ms?r.m.s. (vereeeens ) and 1.6 ms? rm.s. (——).
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Figure C.12: The moduli of the apparent mass of the back and the corresponding phase and
coherency at all locations for subject 12 at 0.1 ms? rm.s. (——), 0.2 ms? r.ms. (- - - -), 0.4

ms?rms. (————— ), 0.8 ms? r.m.s. (seeveenee ) and 1.6 ms? r.m.s. (——).



Appendix D

Derivation of equations of motion

(EOM) using Lagrange’s method

D.1 Example of derivation of EOM for Model 2

Figure D.1: Model 2, as described in Chapter 8

The Lagrange equation can be described as

d{erL) 8L &P '
- _ = =0. D.1
dt[aQi] 8(].‘ +8Q Q' ( )

i

where

L=T-V (D.2)
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Kinetic energy:
_ 1 <2 1 .2 1 . 5\2 1 A2
T—Emolxb +§mlac1 +-2—m2(xb+h0> +§J0 v (D.3)
Potential energy:

1 1
V:E@@a—%f+§@m (D.4)

Power function:

e, 1
p= %cl (8 - &) +5 08" (D.5)

The partial differentiation of equations D.3, D.4 and D.5 are as follows:

i{l‘ = m
01z,
dfor)_ .
dt| 8z, )
8[/ . . 27 .
50.—_717,2(hx,, +16)+ 76
i[a—L.] = m, (hd, + h*6)+ IO
dt 00
. (D.6)
oz k (2, — z,)
n_y,
86,
oP .
55 = ¢ (& —4,)
9P _ 4
00

Therefore, by substituting the derivatives into equation D.1, the equations of

motion of the Model 2 can be described as:

m]:.l’:l—i_cl(j"l_ib)—i_kl(xl_xb):o '
o am (D.7)
m, (h%, + K6)+ G+ cf+ k9 =0
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For more details on derivation of the equations of motion using Lagrange’s method, readers
are recommended to read Theory of Vibration with Application by W.T. Thomson,
Chapter 7.

D.2 EOM for Model 3 and Model 4

z, J,0
ok

<
z

o

Figure D.2: Model 3

m @, +c (¢, -3, ~ 1)+ k (o, —z, —10) =0 (D.8)

mz, + h?6)+ J6 +e (6, + 10— 5 h)+ 0 +k (o,h +H*0 -2 h)+ kO =0  (D.9)

J,0
x!
g o
1
m, A m
oS €,
[ )
(@) O
—
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Figure D.3: Model 4

mlfiﬁ +C1(j"1 - j:b)+ kl (xl - :L‘b) =0 (D.10)

mihi, + h*8)+ J0 + B +kO =0 (D.11)
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