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ABSTRACT

INFLUENCE OF AUTOMOTIVE SEAT FACTORS ON POSTURE AND
APPLICABILITY TO DESIGN MODELS

By

Phaedra Elizabeth Gutowski

Through the use of a video-based motion data collection system the
effects of seat and package factors on subject selected posture were examined
for four automotive seats. Subjects were placed in both sedan and van interior
packages with respect to seat height and toebar to steering wheel depth. The
seats were adjusted to both the lumbar on and off positions with the test subjects
allowed to choose their own fore/aft seat position and backrest recline. Subjects
were not instructed on placement of the pelvis in the seat. Several internal joint
locations of the spine were estimated to examine the overall spinal position and
its relation to the position and contour of the seat. Results indicated that
occupants did not use the lumbar supports as they were intended, and instead
slid forward in the seats, away from the lumbar supports. Subjects chose more
erect postures when the seats were in the higher van setting. Postural changes
from the driver to passenger position affected the angle of the knees, with some
differences reaching up to the hips. These findings can be combined with seat

factors to determine correlations between SAE manikin and human responses.






Copyright by
PHAEDRA ELIZABETH GUTOWSKI
2000



DEDICATION

In loving memory of
my grandparents

George E. White
1921 —1999

Melvin A. Paul
1914 — 1998

Katherene E. Allman
1912 — 1994



lwoulg he
ts endeavor

Casey Pr o~
U NN

Hed Bogarg.

D8l yeon 850,

“wS

My compm ma

O Thomas Pence 4,

Or Roben Hubnarg ¢

W How MY §1.6 &

g g e

Essary Tepeg

My Yy e

vy n
"e a']c e "COH’a;



ACKNOWLEDGEMENTS

| would like to thank the following individuals for their contributions towards
this endeavor:

Casey Pruett, Jochen Balzulat and the staff of TecMath for their technical
and financial support.

Heidi Bogard, Joanne Ewen, Thomas Fowler, and Walter Macklem for
their help with test buck construction, subject testing and data processing.

My committee members for their efforts towards my degree completion -
Dr. Thomas Pence for his advice and assistance in starting my graduate career.
Dr. Robert Hubbard for his enthusiasm, advice, encouragement, and ability to
show how my studies relate to practical applications. Dr. Tamara Reid Bush for
her friendship and technical expertise in test protocol definition and the statistics
necessary to interpret these data.

My family, particularly my parents, Malcolm and Nancy Paul, for their
advice and encouragement in all aspects of my life. Their love and belief in me
has played a major role in my success.

My best friend and husband, Mark, for lending an ear during difficult times
throughout this endeavor. Thank you for understanding the importance of
achieving personal goals and having the “courage” to marry me in the middle of

this study.



S |
LOTOF TABLES

LSTOF FiGURES
KEYTO AZRREV 2

1 NRODGCTION
11 Avtcmt 1

LBACKGROUAD
21Mezor 0
22hragmy

221 A
2227
2237
2247
2257
2267

2277
23 The 8om



TABLE OF CONTENTS

Section Page
LIST OF TABLES oot eee e iX
LIST OF FIGURES e Xxiii
KEY TO ABBREVIATIONS XXViii
T AINTRODUCTION e, 1
1.1 Automotive Seating. ... .. e 2
2. BACKGROUND ettt eeenen 6
2.1 Motion Data Acquisition . . e, 6
2 2 AN MY e 7
2.2.1 Anatomical Positioning. ... 7
222The Head. ... ..., 8
2.2.3 The Upper Extremities . . . 9
2.2.4 The Lower Extremities, . . . 9
225 The ThOTaX . . .ot 11
2.2.6 The SPING e 12
227 The PeIVIS . . . e 13
2.3 The Biomechanics of Sitting and Seat Design__._._................. 14
2.3.1Seated POStUre . ... .. .., 14
2.3.2Muscle Loading. 16
233 PrESSUMC . oo eeese e 17
2.3.4 8eat PaN 18
2.3.5 Lumbar Support and Backrest Inclination_........... 19
2.4 Seating Tool Development . .. 21
2.4.1 Early Seating TOOIS . 21
24.2Time EffeCtS e 23
243 Textile Influences_ ... ... 24
2.4.450at FACIOTS . e 24
2.45Package Factors. . ... ..., 28
246 HumanModels . .. .. ... . 28
2.4.7 Current Seating ToOIS_.___ ... .. ..., 33
3. EXPERIMENTAL METHODS —SEATFACTORS . 37
3.1 Testing Protocol ... . ... 37
311 8eat FaCOrS e 37
BA.28@AIS .. ..o 37
SABTeStBUCK .o 40
3.1.4 Test Buck Calibration_ . .. ... . 42
4. SEAT RESULTS 44

......................................................................................................

Vi



]

4152t A
42Sea' B
43SeaiC
44SeatD

5 EXPER:.I.‘.ENTA,I
5.1 Test g A
S11
5121
513,
S147
$2Cac, 2
$21R
S22k
§23¢
$24 K
S25p




4.1 Seat A (Tan LH) 44

4.2 Seat B (Town and Country) e 46
4.3SeatC (BMW 7 Series). .. .. .. .. 47
4.4Seat D (Gray LH) . e, 48
5. EXPERIMENTAL METHODS —SUBJECT TESTING .. . 50
5.1 Testing ProtoCol . . . e, 50
5.1.1Test SUbJECtS . . e, 51
5.1.2 Anthropometric Data Collection_ ... . ... . . . . ... 54
5.1.3 Motion Data Collection . ... .. ... 55
5.1.4Targeting Setup._._ ... 57
5.2 CalCUlations . e 59
5.2.1 Rotation to Sagittal Plane ... ... 60
5.22Head Tilt e 61
5.2.3EIDOWANGIES ! 61
524 HipJdointCenter . . e 63
B5.25PelViS ANGIC . o) 69
526 Thorax Angle . .. . .. 69
5.2.70penness ANGIe .. ... ..., 70
5.2.8Knee ANGlesS . e, 70
529 AnKIe ANGIES . . e 72
5.2.10 Lower Lumbar Joint Locaton . 72
5.2.11 Upper Lumbar and Lower Neck Joint Locations__ . . 74
5.2.12 Spinal Link ANGlesS e, 78
5.2.13 Body Recline ANGle e, 80
5.2.14 Total Lumbar Curvature_ ... 80
6. SUBJECT TESTING RESULTS e, 82
6.1 Selected Seat Positions ... . ... ..., 84
6.1.1SeatBack Angle . . . . . 84
6.1.2 Toebar to Hip Joint Center Horizontal Distance . 87
6.1.3 Toebar to Hip Joint Center Vertical Distance ... 90
6.1.4 Horizontal Pelvis Placement Relative to Seat 92
6.1.5 Vertical Pelvis Placement Relativeto Seat. 98
B.2 EXI@MULIOS ... ..o ..o e e 100
B.2.1KNe@ ANGIS . e 100
6.2.2Knee Splay ANGI@ . .. ... .., 102
6.2.38h0€ ANGIe . . e 105
6.24 EIbOW ANGle e, 107
6.2.5 Arm SpPIaY ANGIe e, 110
6.3B0dY ANGIES . oo oo 111
6.3.1 Body Recline Angle. ..., 112
6.3.20penness ANGIe ... ... ..., 114
B.3. 3 PeIVIS ANGIC e, 118
6.3.4 Thorax Angle .. . . . . e, 122
6.3.5 Total Lumbar Curvature 125

vii



645pra ]
64
647
64z
6.5 Heac P:
66 Procec.
6.7 Aop' car

7.CONCLUSIONS
71 Sumf-“&'.v
7114

7T12¢

7138

1145

715p
72 Commgns
73 Fu’.u'e Wo

APPENDIX A ANTH
APPENDIX B SEAT
APPEND X C.GroL
REFERENCESW_M,_,



6.4 Spinal Link Angles 129

6.4.1 Thoracic Spine Link Angle (TSLA) ., 129

6.4.2 Lumbar Spine Link Angle (LSLA) e, 131

6.4.3 Pelvis Link Angle (PLA). . ..., 134

6.5 Head POSItioN . . . e 134

6.6 Procedural Effects on Subject Positioning ... . 135

6.7 Application to Computer Modeling_..._.............. . .. 137

7. CONCLUSIONS e 139
T  SUMI Y 139

7.1.1 Seat Positions,_____ 139
TA2EXtremities . e, 140

713 Body Angles . e, 141

7.1.4 Spinal Link Angles e, 142
TASPrOtOCOl e, 143

7.2 oMM OIS e 143

T B FUIUIE WOOTK e 145
APPENDIX A: ANTHROPOMETRIC MEASUREMENTS .. 147
APPENDIX B: SEAT TARGETING . . e 156
APPENDIX C: GROUP AVERAGE AND STANDARD DEVIATIONS 159
REFERENCES 226

.............................................................................................................

viii



LIST OF TABLES

Iable No.  Title Page
Table 1: Desired positions for locked package dimensions__ ... 41
Table 2: Subject preferred parameters . . 42
Table 3: Actual seat A (Tan LH) SAE manikin measurements___ .. . 45
Table 4: Actual seat B SAE manikin measurements______.. ... . 46
Table 5: Actual seat C SAE manikin measurements____ ... ... .. . . . 47
Table 6: Actual seat D SAE manikin measurements ... ... .. 49
Table 7: Anthropometric groups (30 subjects total). ... . . oo 51
Table 8: Ideal ranges of anthropometric groups._......................... 51
Table 9: Test subject anthropometric groups ... 53
Table 10: Target locations for reference trials__._.. . . . 57
Table 11: Target locations for seat testing ... 58
Table 12: Abbreviations for anthropometric groups_......... ..., 82

Table 13: Occurrences of statistically significant differences in SBA

for the Tan LH seat by size groups (four possible in each group). . ... 84
Table 14: Occurrences of statistically significant differences in SBA

for the Town & Country seat by size groups (eight possible in each

Table 15: Occurrences of statistically significant differences in SBA
for the BMW seat (thorax forward) by size groups (eight possible in

BACN GIOUP).............oooeeeeeeeeeeeeeeeeee oo eeee s eess e esmn e 85
Table 16: Occurrences of statistically significant differences in SBA

for the BMW seat (thorax rearward) by size groups (eight possible in

@ACN GIOUP).................oooeeeeeeee oo eeeeesmes e 85

Table 17: Occurrences of statistically significant differences in SBA
for the Gray LH seat by size groups (eight possible in each group) 85



Table 18: SBA statistical results (one-way RM-ANOVA) . . .. ... 86
Table 19: Occurrences of statistically significant differences in toebar

to HJC horizontal distances for the Tan LH seat by size groups (four

possible in @aCh Group). ... 87
Table 20: Occurrences of statistically significant differences in toebar

to HJC horizontal distances for the Town & Country seat by size groups

(eight possible in each group) ...
Table 21: Occurrences of statistically significant differences in toebar

to HJC horizontal distances for the BMW seat (thorax forward) by size

groups (eight possible in @ach @roup).......................ooocooooiiioereeeen 88
Table 22: Occurrences of statistically significant differences in toebar

to HJC horizontal distances for the BMW seat (thorax rearward) by size

groups (eight possible in each group). ... ... 88
Table 23: Occurrences of statistically significant differences in toebar

to HJC horizontal distances for the Gray LH seat by size groups (eight

possible in @ach group). ..., 88
Table 24: Toebar to HJC horizontal distance (mm) group averages

for the sedan, lumbar off, driver scenario___ ... ... .. .. 89
Table 25: Toebar to HJC horizontal distance statistical results 89

Table 26: Occurrences of statistically significant differences in toebar
to HJC vertical distances for the Town & Country seat by size groups
(eight possible in @ach group)..................ccooooeeeeeeveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee, 90
Table 27: Occurrences of statistically significant differences in toebar
to HJC vertical distances for the BMW seat (thorax forward) by size
groups (eight possible in each group) ......................cccooovooiiiiveee, 91
Table 28: Toebar to HJC vertical distance statistical results (one-way
RM-ANOVA). ..o eeessssssesessseesssssssssseeesssssssssssseesssssesssnseneeeees 91
Table 29: Toebar to HJC vertical distances (mm) of mid-sized males in
the sedan, driver scenario of the BMW seat (thorax rearward) . 92
Table 30: Occurrences of statistically significant differences in horizontal
offset between J826 H-point and subject’s HJC for the Tan LH seat
by size groups (four possible in each group) 93

.................................................



Tabie 31: Occurre
offset betwee
Country sea: -

Tabie 32 Occurre”
offset be'weer
(thorax forwarz

Tabie 33: Occurre-
0%se! betwean
(thorax rearwar

Teve 34 Occurrenc
offset between |
0y Size groups

T2 35: Horggnea
1S (ong-wa,

e 3 HyC. R
ver, luimbar o

Tebe 37. HJC-Recs



Table 31: Occurrences of statistically significant differences in horizontal
offset between J826 H-point and subject’s HJC for the Town &
Country seat by size groups (eight possible in each group) ... 94
Table 32: Occurrences of statistically significant differences in horizontal
offset between J826 H-point and subject’s HJC for the BMW seat
(thorax forward) by size groups (eight possible in each group).............. 94
Table 33: Occurrences of statistically significant differences in horizontal
offset between J826 H-point and subject’'s HJC for the BMW seat
(thorax rearward) by size groups (eight possible in each group) ............. 94
Table 34: Occurrences of statistically significant differences in horizontal
offset between J826 H-point and subject’'s HJC for the Gray LH seat
by size groups (eight possibleineachgroup) ... ... ... 94
Table 35: Horizontal offset from J826 H-point to subject's HJC statistical
results (one-way RM-ANOVA) 95

..........................................................................

Table 36: HJC-RecBot X coordinate group averages for the sedan,

Table 38: Vertical offset from J826 H-point to subject's HJC statistical
results (one-way RM-ANOVA) 98

..........................................................................

Table 39: HJC-RecBot Z coordinate group averages for the sedan,

.................................

Table 40: Occurrences of statistically significant differences in knee angle

for the Tan LH seat by size groups (two possible in each group)............. 100
Table 41: Occurrences of statistically significant differences in knee angle

for the Gray LH seat by size groups (four possible in each group) 100

..........

Table 42: Knee angle statistical results (one-way RM-ANOVA) . ... . 101
Table 43: Occurrences of statistically significant differences in knee splay
angle for the Tan LH seat by size groups (two possible in each group) 102

Table 44: Occurrences of statistically significant differences in knee splay
angle for the Town & Country seat by size groups (four possible in
each group)

..................................................................................

Xi



Table 45: Occurrences of statistically significant differences in knee splay
angle for the BMW (thorax forward) seat by size groups (four possible
N @ACK GIOUPD)..........oeeeeeeee e e eee e s seeeene 103
Table 46: Occurrences of statistically significant differences in knee splay
angle for the BMW (thorax rearward) seat by size groups (four possible
iN@ACH @rOUD) ... oo 103
Table 47: Occurrences of statistically significant differences in knee splay
angle for the Gray LH seat by size groups (four possible in each
group) 103

......................................................................................................................

Table 48: Knee splay angle statistical results (one-way RM-ANOVA) 104

Table 49: Shoe angle statistical results (one-way RM-ANOVA) ... ... 105
Table 50: Occurrences of statistically significant differences in elbow

angle for the Tan LH seat by size groups (two possible in each

o 1o TV ) OO 107

Table 51: Occurrences of statistically significant differences in elbow

angle for the Town & Country seat by size groups (four possible in

BACK GIOUP) ... ee e s s sesetese e seeese e se e 107
Table 52: Occurrences of statistically significant differences in elbow

angle for the BMW seat (thorax forward) by size groups (four possible

IN@ACK GIOUP).___... . oo 107
Table 53: Occurrences of statistically significant differences in elbow

angle for the BMW seat (thorax rearward) by size groups (four possible

N @ACN QIOUP)........... oo e s st ses e se e sesene 107
Table 54: Occurrences of statistically significant differences in elbow

angle for the Gray LH seat by size groups (four possibie in each

Table 55: Elbow angle group averages for the sedan, lumbar off, driver
SCONAMIO _____....\oooioooeeeeeeeeeeeeeeeeeeeeee oo s e eee e ses e e e eeeeeeeeeseesmeeeeeesee 109

Table 56: Occurrences of statistically significant differences in arm splay
angle for the Tan LH seat by size groups (two possible in each

Table 57: Occurrences of statistically significant differences in arm splay
angle for the Town & Country seat by size groups (four possible in
each group)

............................................................................................................

Xii



Table 58: Occurrences of statistically significant differences in arm splay

angle for the BMW seat (thorax forward) by size groups (four possible

IN@ACK GIOUD) .. oot s e 110
Table 59: Occurrences of statistically significant differences in arm splay

angle for the BMW seat (thorax rearward) by size groups (four possible

IN€ACN GrOUP). ... .. oo m
Table 60: Occurrences of statistically significant differences in arm

splay angle for the Gray LH seat by size groups (four possible in

€ACN GIOUP) ............ oo 111
Table 61: Occurrences of statistically significant differences in body

recline angle for the Tan LH seat by size groups (four possible in

BACN GIOUP) ............... oo sssee s eesm e 112
Table 62: Occurrences of statistically significant differences in body

recline angle for the Town & Country seat by size groups (eight

possible in €aCh GrouP)..................oooovooeeeeeeeeeeeeeeee e 112
Table 63: Occurrences of statistically significant differences in body

recline angle for the Gray LH seat by size groups (eight possible in

each group) 113

............................................................................................................

Table 64: BRA statistical results (one-way RM-ANOVA) .. ... 114
Table 65: Occurrences of statistically significant differences in openness
angle for the Tan LH seat by size groups (four possible in each

......................................................................................................................

Table 66: Occurrences of statistically significant differences in openness

angle for the Town & Country seat by size groups (eight possible in

@ACH GIOUP) ............ooeoeeeeceeeeeeeeee oo eeeeeeeseesee e seeseese s sseeese e 115
Table 67: Occurrences of statistically significant differences in openness

angle for the BMW seat (thorax forward) by size groups (eight possible

iN@ACN GIOUD)..................ooooeeeeeeeeeeeeee oo 115
Table 68: Occurrences of statistically significant differences in openness

angle for the BMW seat (thorax rearward) by size groups (eight

POSSible in €aCh GroUP)..................oooooeeeeeeeeeeeeeeeeeeeeeeeeeeee e 115
Table 69: Occurrences of statistically significant differences in openness

angle for the Gray LH seat by size groups (eight possible in each

......................................................................................................................

Xiii



Table 70: Openness angle statistical results (one-way RM-ANOVA) . . 116
Table 71: Occurrences of statistically significant differences in pelvis

angle for the Tan LH seat by size groups (four possible in each

QIOUP)........eoeoeeeeeeeeeee e eeee e e eeeeeeeeeaee s eeeeeeee e eeeseseeseneeeeneeeneeseeaeeeeeeenseene 118
Table 72: Occurrences of statistically significant differences in pelvis

angle for the Town & Country seat by size groups (eight possible in

@ACN GIOUD) ... oo 119
Table 73: Occurrences of statistically significant differences in pelvis

angle for the BMW seat (thorax forward) by size groups (eight

possible in @aCh Group) .. ... 119
Table 74: Occurrences of statistically significant differences in pelvis

angle for the BMW seat (thorax rearward) by size groups (eight

possible in each group) ... 119
Table 75: Occurrences of statistically significant differences in pelvis

angle for the Gray LH seat by size groups (eight possible in each

GIOUP) ...t seeeese e seee s eseesee e seeeseeeseeseeseeeeeseeseeens 119
Table 76: Pelvis angle group averages in degrees for the sedan, lumbar

off, driver (D) and passenger (P) scenarios. .. ... ... 120
Table 77: Pelvis angle statistical results (one-way RM-ANOVA) . 120

Table 78: Occurrences of statistically significant differences in thorax angle

for the Tan LH seat by size groups (four possible in each group) ... 122
Table 79: Occurrences of statistically significant differences in thorax

angle for the Town & Country seat by size groups (eight possible in

@ACN GIOUD) ... oot e e e e ee s ee e eeee e ee e 122
Table 80: Occurrences of statistically significant differences in thorax

angle for the BMW (thorax forward) by size groups (eight possible in

@ACN GIOUP).............oocomoeeeeeceeeeeeeeee oo e e s oo seeeseeseeseeeaeesens 123
Table 81: Occurrences of statistically significant differences in thorax

angle for the BMW (thorax rearward) by size groups (eight possible in

BACK GIOUP)....... ..o e s ee e eesssemesseeeeee 123
Table 82: Occurrences of statistically significant differences in thorax

angle for the Gray LH seat by size groups (eight possible in each

GPOUP)..........eeeeeeeeveeeeeeeseseeeeessseenessseeesessmseesessmeesesssessesmsseeess s eemeeeeeemeseeeeeeseesens 123

Xiv



Table 83: Tho!

Table 84: Or g
[F,5.5;

Tabie 85: Occ
the Tan L

Tabie 86 Ocy
the Town



Table 83: Thorax angle statistical results (one-way RM-ANOVA) ... . . 124
Table 84: Original and modified TLC values for petite, light females

(F, 5, 5) in the Gray LH, sedan, lumbar on, passenger scenario___.. . 126
Table 85: Occurrences of statistically significant differences in TLC for

the Tan LH seat by size groups (four possible in each group) ... 126
Table 86: Occurrences of statistically significant differences in TLC for

the Town & Country seat by size groups (eight possible in each

GPOUP) ..o e e e e e et et st e e s e seseesesemeeseseeeeese e emeeesenemseneesenens 127
Table 87: Occurrences of statistically significant differences in TLC for

the Gray LH seat by size groups (eight possible in each group) ... 127
Table 88: TLC statistical results (one-way RM-ANOVA) ... 127

Table 89: Changes in mid-sized male TLC between packages (van

minus sedan) of the Gray LHseat . . 129
Table 90: Occurrences of statistically significant differences in TSLA for

the BMW seat (thorax forward) by size groups (eight possible in each

GPOUD).......oeoeeeeeeeeeee e eeeee e eee e e eeeeeesseseeetenesese s seeeeeseesemeseeeseesemeseesenen 129
Table 91: Occurrences of statistically significant differences in TSLA for

the Gray LH seat by size groups (eight possible in each group) ... .. 129
Table 92: TSLA statistical results 131

Table 93: Statistically significant differences in LSLA for the Tan LH seat

by size groups (four possible ineach group). ... ... .. . o 132
Table 94: Statistically significant differences in LSLA for the Town &

Country seat by size groups (eight possible in each group) ... . 132
Table 95: Statistically significant differences in LSLA for the BMW seat

(thorax forward) by size groups (eight possible in each group) ... 132
Table 96: Statistically significant differences in LSLA for the BMW seat

(thorax rearward) by size groups (eight possible in each group)....... .. 132
Table 97: Statistically significant differences in LSLA for the Gray LH

seat by size groups (eight possible ineachgroup). ... 133
Table 98: Comparison of standard testing protocol to having the

subject’s hips fully against the seat 136

..................................................................



Tabie 99: Seat ba:

!
Teble 100: Seat be
Tadig 101: Sea! bat

Table 102: Sea! ba: .
support 'y fo|

Tede 103: Seat ha-
Support fuily rea

Tabie 104; Seat hazw

Tehie 105 Markn ¢
(Tan LK)

Tade 106: Man. .~ ¢

Tebie 107 Mani n



Table 99: Seat back angle in degrees for seat A (Tan LH) 160

Table 100: Seat back angle in degrees forextraBMW_ . .. ... 160
Table 101: Seat back angle in degrees for seat B (Town & Country) .. ... 161
Table 102: Seat back angle in degrees for seat C-F (BMW, thorax

support fully forward) . 161
Table 103: Seat back angle in degrees for seat C-R (BMW, thorax

SUPPOT fUllY T aIWAIA ). e 162
Table 104: Seat back angle in degrees for seat D (Gray LH)._.. ... ... .. 162

Table 105: Manikin correlated seat back angle in degrees for seat A
(Tan LH). 163

................................................................................................................

Table 106: Manikin correlated seat back angle in degrees for extra BMW 163

Table 107: Manikin correlated seat back angle in degrees for seat B

(TOWN & COUNMIY)............oooeeeeeeemmrseeeeeeeeneeeeeeeesessasssssss e eeessssss e 164
Table 108: Manikin correlated seat back angle in degrees for seat C-F

(BMW, thorax support fully forward) ... 164
Table 109: Manikin correlated seat back angle in degrees for seat C-R

(BMW, thorax support fully rearward) ... .. .. .. ... . 165
Table 110: Manikin correlated seat back angle in degrees for seat D

(Gray LH) 165

................................................................................................................

Table 111: Toebar to HJC horizontal distance in mm for seat A (Tan LH)___ 166

.....

Table 112: Toebar to HJC horizontal distance in mm for extra BMW 166

..............

Table 113: Toebar to HJC horizontal distance in mm for seat B (Town
& COUNTY). oot e e ees e se e seseese e 167
Table 114: Toebar to HJC horizontal distance in mm for seat C-F (BMW,
thorax support fully forward). 167

.............................................................................

Table 115: Toebar to HJC horizontal distance in mm for seat C-R (BMW,
thorax support fully rearward). 168

..........................................................................

Table 116: Toebar to HJC horizontal distance in mm for seat D (Gray LH). 168



Tave 117: Toe
Tabie 118: Toe

Tabie 119: Toe
Courtry).

Table 120: Toe
thorax s.p;

Table 121: Toe
thorax S.p

Tae 122 Toe

Tab'e 123 HO'
(Tan LH) )

Tade 124; Hor:
Bhw



Table 117: Toebar to HJC vertical distance in mm for seat A (Tan LH). 169

Table 118: Toebar to HJC vertical distance in mm for extra BMW. 169

.................................................................................................................

Country). 170

Table 120: Toebar to HJC vertical distance in mm for seat C-F (BMW,

thorax support fully forward). .. . ..., 170
Table 121: Toebar to HJC vertical distance in mm for seat C-R (BMW,

thorax support fully rearward). 171

..........................................................................

Table 122: Toebar to HJC vertical distance in mm for seat D (Gray LH)._ 171
Table 123: Horizontal Offset from HJC to J826 H-point in mm for seat A

(TANLH). e esssenessans 172
Table 124: Horizontal Offset from HJC to J826 H-point in mm for extra

BN et eeenns 172
Table 125: Horizontal Offset from HJC to J826 H-point in mm for seat B

(Town & Country). . ... . e
Table 126: Horizontal Offset from HJC to J826 H-point in mm for seat C-F

(BMW, thorax support fully forward). ... ... 173
Table 127: Horizontal Offset from HJC to J826 H-point in mm for seat C-R

(BMW, thorax support fully rearward)...............ccoonn. 174
Table 128: Horizontal Offset from HJC to J826 H-point in mm for seat D

(GrAY LH)...oooo oo 174
Table 129: Vertical Offset from HJC to J826 H-point in mm for seat A

(TANLH). et ee e eeeone 175
Table 130: Vertical Offset from HJC to J826 H-point in mm for extra

B oo s e ees s esnens 175
Table 131: Vertical Offset from HJC to J826 H-point in mm for seat B

(TOWN & COUNITY)..................oooorvrveeeeememmmammssssseseeseeeeseeeeeessssssssssssssesseeneeesssssssnnns 176
Table 132: Vertical Offset from HJC to J826 H-point in mm for seat C-F

(BMW, thorax support fully forward). 176

...............................................................

Xvii



Tabie 133: Vertice
[BWW thoras

Tee 13 Verce
(Gray LK)

T 1% HCRs
T 1% HJC-Re‘

Tee 137 HUC Re

Tade 138: WiC.Rs

T 139 Wi A
feaward).



Table 133: Vertical Offset from HJC to J826 H-point in mm for seat C-R

(BMW, thorax support fully rearward). ..., 177
Table 134: Vertical Offset from HJC to J826 H-point in mm for seat D

(GPRAY LH). ..o sessssenss s ssssssess s 177
Table 135: HIC-RecBot Xin mmforseat A(TanLH). . ... .. ... . . ... 178
Table 136: HIC-RecBot Xinmm forextraBMW. . . ... . 178
Table 137: HIC-RecBot X in mm for seat B (Town & Country). ... . ... 179
Table 138: HJC-RecBot X in mm for seat C-F (BMW, thorax support

FUIY FOTWAND)............oooreoere e 179
Table 139: HIC-RecBot X in mm for seat C-R (BMW, thorax support fully

LT T L )T OO 180
Table 140: HIC-RecBot Xin mm forseat D (Gray LH). ... ... 180
Table 141: HIC-RecBot Zin mmforseat A(TanLH). . . . . . . ... 181
Table 142: HIC-RecBot Zin mmforextraBMW. 181
Table 143: HIC-RecBot Z in mm for seat B (Town & Country). ... ... 182
Table 144: HJC-RecBot Z in mm for seat C-F (BMW, thorax support fully

FOTWAID). e 182
Table 145: HJC-RecBot Z in mm for seat C-R (BMW, thorax support fully

T Ly Lo ) OO 183
Table 146: HJC-RecBot Zin mm forseat D (Gray LH).. ... ... ... . . . ... 183
Table 147: Knee angle in degrees forseat A(TanLH). ... .. ... .. ... . .. 184
Table 148: Knee angle in degrees forextraBMW. . 184
Table 149: Knee angle in degrees for seat B (Town & Country). ... ... 185

Table 150: Knee angle in degrees for seat C-F (BMW, thorax support fully
FOTWAND). _.........oce et sssss e ssss 185

Table 151: Knee angle in degrees for seat C-R (BMW, thorax support fully
rearward). 186

...............................................................................................................

Xxviii



Table 152: Knee angle in degrees for seat D (Gray LH). 186

...................................

Table 153: Knee splay angle in degrees for seat A (Tan LH). 187

Table 154: Knee splay angle in degrees for extra BMW. 187

Table 155: Knee splay angle in degrees for seat B (Town & Country). 188

Table 156: Knee splay angle in degrees for seat C-F (BMW, thorax support

fully forward).. ... 188
Table 157: Knee splay angle in degrees for seat C-R (BMW, thorax support
fUIlY T@AIWAND). .. ... .. oo e 189
Table 158: Knee splay angle in degrees for seatD (Gray LH). ... 189
Table 159: Shoe angle in degrees forseat A (Tan LH). ... . .. ... ... ... 190
Table 160: Shoe angle in degrees forextraBMW. . .. 190
Table 161: Shoe angle in degrees for seat B (Town & Country).. 191
Table 162: Shoe angle in degrees for seat C-F (BMW, thorax support
fUlly FOrWAID)............oooooooooeeeeeeeee e 191
Table 163: Shoe angle in degrees for seat C-R (BMW, thorax support
fully rearward). ... 192
Table 164: Shoe angle in degrees for seat D (Gray LH). ... ... ... ... ... 192
Table 165: Elbow angle in degrees for seatA(TanLH).. ... 193
Table 166: Elbow angle in degrees forextraBMW. . . 193
Table 167: Elbow angle in degrees for seat B (Town & Country). . 194
Table 168: Elbow angle in degrees for seat C-F (BMW, thorax support
fUlly FOTWAN)...............oooee s, 194
Table 169: Elbow angle in degrees for seat C-R (BMW, thorax support
fully rearward)..................ooooooooooiooeoeeeeeeeeeeeeeesee e 195
Table 170: Elbow angle in degrees for seat D (Gray LH)..__. .. . 195
Table 171: Arm splay angle in degrees for seat A (TanLH). . 196

XiX



Tabie 172.
Tadle 173,
Tane 174:
Rlyfo
Tabie 175
fully e;
Tabie 176
Tave 177
Tabie 178: |
Tade 179

Tabie 18-
Siopor:

Tadle 18y, ¢
Suppor

Tabe 18 ¢
Ted 183 ¢
Tede 184
Teie g5

Teve 186: ¢
h;:iy fOW\

Tab(:e 1 87 C
h."l\y ez,

T2 188:

e 190:p
Tébfe 191 P



Table 172: Arm splay angle in degrees for extra BMW. 196

Table 173: Arm splay angle in degrees for seat B (Town & Country). ... 197
Table 174: Arm splay angle in degrees for seat C-F (BMW, thorax support
fully fOrward). . e 197
Table 175: Arm splay angle in degrees for seat C-R (BMW, thorax support
fully rearward). ... 198
Table 176: Arm splay angle in degrees for seat D (Gray LH).___...... ... .. 198
Table 177: Body recline angle in degrees forseat A(TanLH). .. . 199
Table 178: Body recline angle in degrees forextraBMW._ ... . . . . 199

Table 179: Body recline angle in degrees for seat B (Town & Country).. .. 200

Table 180: Body recline angle in degrees for seat C-F (BMW, thorax

support fully FOrWard). . .. ... ..o 200
Table 181: Body recline angle in degrees for seat C-R (BMW, thorax

support fully rearward). ............c.ccooooooieeeeeeeeeeeeeeeeeseeeeeee oo 201
Table 182: Body recline angle in degrees for seat D (Gray LH).__.. ... ... 201
Table 183: Openness angle in degrees forseat A(TanLH). . 202
Table 184: Openness angle in degrees forextraBMW._ . . . 202

Table 185: Openness angle in degrees for seat B (Town & Country). 203

Table 186: Openness angle in degrees for seat C-F (BMW, thorax support
fully forward).

.........................................................................................................

Table 187: Openness angle in degrees for seat C-R (BMW, thorax support

fully rearward). ... ssssssssa e 204
Table 188: Openness angle in degrees for seatD (Gray LH). ... . . 204
Table 189: Pelvis angle in degrees forseat A(TanLH). . . 205
Table 190: Pelvis angle in degrees forextraBMW. . 205
Table 191: Pelvis angle in degrees for seat B (Town & Country). . . 206

XX



Tabie 192: Pe'v
fully forwar;

Tabie 193. Pe'y
fully rearwa

Tade 194, Pe',
Tabe 195 Tho
Tade 196. Tho
Tadie 197- Tng

Ry forw:

Tabie 199: Th,
fuly "earw;

Tabe 2 The

Tabie A1 To:



Table 192: Pelvis angle in degrees for seat C-F (BMW, thorax support

FUIY FOTWRID)............ooooooeeeeecece s esneseeneees 206
Table 193: Pelvis angle in degrees for seat C-R (BMW, thorax support

fully r@arWard). . . .. e 207
Table 194: Pelvis angle in degrees for seat D (Gray LH)..__._ .. ... .. ... 207
Table 195: Thorax angle in degrees forseat A(TanLH). . . ... 208
Table 196: Thorax angle in degrees forextraBMW. . . 208
Table 197: Thorax angle in degrees for seat B (Town & Country)... ... .. 209
Table 198: Thorax angle in degrees for seat C-F (BMW, thorax support

FUIY FOTWEND)...........ooooooeeee s 209
Table 199: Thorax angle in degrees for seat C-R (BMW, thorax support

FUIlY FEANWAIND). ..........oo oo ensens e ensess s esnnnesseees 210
Table 200: Thorax angle in degrees forseat D (Gray LH).... ... . .. .. 210
Table 201: Total lumbar curvature in degrees for seat A (Tan LH). ... 211
Table 202: Total lumbar curvature in degrees forextraBMW. . 211

Table 203: Total lumbar curvature in degrees for seat B (Town & Country).212

Table 204: Total lumbar curvature in degrees for seat C-F (BMW, thorax

support fully forward). . e 212
Table 205: Total lumbar curvature in degrees for seat C-R (BMW, thorax

support fully rearward). e 213
Table 206: Total lumbar curvature in degrees for seat D (Gray LH).._. . 213
Table 207: TSLA in degrees forseat A (TanLH). . . . 214
Table 208: TSLAin degrees forextra BMW. . s 214
Table 209: TSLA in degrees for seat B (Town & Country). . ... . 215

Table 210: TSLA in degrees for seat C-F (BMW, thorax support fully
forward). 215

.................................................................................................................

XXi



Tahle 211: TSL
rearward:

Tabie 212: TSL
Tade 213: LSt
Tadlg 214: LS.
Table 215: LS

Tabe 216 LS.
forwarg:,

Tae 217:
feawarg

Table 218- LS
Tabie 219 p_
Tadlg 20 PL
Tabe 221 p|

forwarg

Tede 223 PL
Teafwa.c!

e 24 p|
Tetg 25 e
£ 28 He
T2 L7 ke

f(“"Ward )

e 24
rea,warf

N



Table 211: TSLA in degrees for seat C-R (BMW, thorax support fully

PEAMWAND). e 216
Table 212: TSLA in degrees forseat D (Gray LH). ... ... 216
Table 213: LSLAindegrees forseat A (TanLH). . . . . 217
Table 214: LSLAindegrees forextra BMW. . . . . . 217
Table 215: LSLA in degrees for seat B (Town & Country). ... .. ... ... 218
Table 216: LSLA in degrees for seat C-F (BMW, thorax support fully

FOPWAND). e 218
Table 217: LSLA in degrees for seat C-R (BMW, thorax support fully

POAMWAN)... . .. _...ooiooioooeeeeeee oo sssss e 219
Table 218: LSLA in degrees forseat D (Gray LH). ... ... .. . 219
Table 219: PLA in degrees for seat A (Tan LH). . 220
Table 220: PLA in degrees for extra BMW. e 220
Table 221: PLA in degrees for seat B (Town & Country). ... . 221
Table 222: PLA in degrees for seat C-F (BMW, thorax support fully

BOTWAINA). ..o essesssseneeeee s ssnsssssssssssssssssnnes 221
Table 223: PLA in degrees for seat C-R (BMW, thorax support fully

FOAMWAN)..............ooooeeeeemreeeeeeeasseeeessssseessesssssss s ssssseeseeesse s seesnaseeeees 222
Table 224: PLA in degrees for seat D (GrayLH). ... 222
Table 225: Head tilt in degrees for seat A (Tan LH). . . . . i, 223
Table 226: Head tilt in degrees forextra BMW. . . 223
Table 227: Head tilt in degrees for seat B (Town & Country)... ... 224
Table 228: Head tilt in degrees for seat C-F (BMW, thorax support fully

FOTWAND). .. oo eeesessssssssss e essssssms e 224

Table 229: Head tilt in degrees for seat C-R (BMW, thorax support fully

POAIWANA). | ..o eeeeeeessms e eeeeeem e eee e 225

Table 230: Head tilt in degrees for seat D (Gray LH).._.............cc.cccooviiricceee 225

XXii



Fig.re No.

Figure 1: v
subect

Figure 2: C
Figure 3. A
Figure 4: A
Fgure 5. 7
Figure 6: 7
Figure 7- ¢
Figure 8|
Figure g 1

Figure 10.
Poste:
Figure 1.
Fiure 1.
(d; g~

Curvg,

F'IQUre 14 :



LIST OF FIGURES

Figure No. Title Page
Figure 1: Video-based motion analysis target (a) and targeted test

SUDJBCE (D). ........ooooooe s 6
Figure 2: Calculating a probed location. .. .. . .. ... 7
Figure 3: Anatomical planes of the body [S5]................ccccccccreermrrrnrrrerrrerennnnen 8
Figure 4: Anatomical planes of the body [55]).......................ccooocooiirivv. 8
Figure 5: The Frankfort plane of the head...................o.. 8
Figure 6: The elbow joint [80] (a) and the wrist joint [81](b). ... . . 9
Figure 7: Anatomy of the (a) knee joint [34] and the (b) femur [82]. . . . . 10
Figure 8: Landmarks of the ankle and foot [36]... ... 1

Figure 9: Thorax anatomy; side view (a) [68] and frontal view (b) [23]. 11

Figure 10: The vertebrae of the spine, (a) anterior, (b) left lateral, (c)
posterior view [24]. 12

Figure 11: Frontal view of the pelvis (a)[10] and side view (b) [37]...... ... .. 13
Figure 12: The pelvis and lumbar spine when (a) standing; (b) sitting
relaxed, unsupported in the middle position; (c) sitting erect,
unsupported in the middle position; (d) sitting in the anterior posture;
(d) sitting in the posterior posture [21]. . ... .. ... 14
Figure 13: Effect of hamstring tension on pelvis positioning and lumbar
curvature [21]. 15

.......................................................................................................

Figure 14: SAE tools. a) 2-D drafting template and b) 3-D manikin [1]. 22

Figure 15: Incompatibility between seats with lumbar supports and the

826 MaNiKiN. e 23
Figure 16: UMTRI mid-male body contour[55)..._ . . . . . .. . . . .. . . 29
Figure 17: JOHN 2-D computer model [52]... ... . .. ..., 30

Figure 18: a) 3-D John skeletal model [52] and b) sketch of muscles

XXiii




modeied as ‘

Figure 19: Bust |
skin contour.

Figiﬂe 20 JANE
Flgure 21 X SAE o
Fiure 22: Labo,

Figure 23: ASPE.
mamkm.,‘_,,i,.

Fgure 24: JORN
Fire 25 Soqy.
Fyue 26 Sea:

Figure 27- Sea:
() thoray S

Faure 28 Sear
Fgure 29, Lum

o
Fore 30, Tes
Figure 3. Sa

Figure RRy
angle fror

Fure S
O ang (L

Fgurg 3 Sk
Fare ESEY
Furg 3.1,

F‘-g;;re 37: S



modeled as ellipsoids [52].

30

Figure 19: Bush [52] 2-D template, (a), and 3-D JOHN back muscles and

skin contour, (b) and (c).

Figure 20: JANE, JOHN, and JERRY skin contours [58].

31

32

Figure 21: SAE computer model positioned in BAC computer model [49]. . 33

Figure 22: Laboratory BAC with force plates [76].

34

Figure 23: ASPECT manikin (a) computer model [50] and (b) physical

manikin.

34

Figure 24: JOHN model [78] and RAMSIS [18].

Figure 25: Seat A, the Tan LH.

Figure 26: Seat B, the Chrysler Town & Country.

36

38

38

Figure 27: Seat C, the BMW 7 Series, (c) thorax support fully rearward,

(d) thorax support fully forward.

Figure 28: Seat D, the modified LH by JCI.

39

40

Figure 29: Lumbar mechanism in gray LH seat, a) lumbar “off”, b) lumbar

40

Figure 30: Test buck dimensions.

Figure 31: Standing heights of all test subjects (without shoes)

41

. 44

Figure 32: Ratio between J826 manikin back angle reading and recline

angle from seat targets.

Figure 33: Seat B (Chrysler Town & Country) midline contours
off and lumbar on.

for lumbar

Figure 34: Seat C (BMW) midline contour for lumbar off and lumbar on.____47

Figure 35: Seat D (Gray LH) midline contour for lumbar off and lumbar on_48

XXiv



Figure 38: Te

Figure 39: C
§in0.e::

Figure 40: R
Faoredl:R
Foure d2: T,

Figure 43 a
S’.EE.’?'T;

Figure 44 R
Fgue 45 £
Fgue 4.
Foreay.

Furedg. p
VeCtorg

Foreag ¢
Furg 80:f
Fuesy. 4
Fure 52 (
Fg.re Sk
"o %)

F".gure 55:,



Figure 39: Contour program developed by TecMath and example
silhouettes

Figure 42: Targeted subject in test buck.

Figure 43: a) Test buck set up. b) Vision task. ¢) Dashboard and
steering wheel.

Figure 44: Rotation of test buck to align with lab coordinates

Figure 45: Elbow angle definition

Figure 46: Definition of arm splay angle

Figure 47: Estimated locations of pelvis landmarks (top view)

Figure 48: Pelvis coordinate system (solid arrows) with intermediate
vectors (dashed arrows) and targets [10]

Figure 50: Pelvis angle definition

Figure 51: Thorax angle definition

Figure 52: Openness angle definition

Figure 53: Definition of knee angle

Figure 56: Sagittal view of the lower lumbar joint location in the pelvis
coordinate system

Figure 57: Location of the lower lumbar joint with respect to the HJC and
pelvis coordinate system

XXV

52

54
55
57

58

59
60
62
63

64

66
67
69
69
70
71
71

72

73

74
76




Figure 59: Estimated locations of the lower neck and upper lumbar
JOINIS [17] e eesssessa e sssssssss s snssns

Figure 60: Estimation of the lower neck and upper lumbar joints

Figure 63: Total lumbar curvature

Figure 64: Possible test conditions

Figure 65: Offset between J826 H-point and subject HJC

Figure 66: Example of variation in elbow angles between subject groups;

Figure 68: Subject TM26 in the BMW seat (thorax forward); (a) initial
position, (b) increased recline to accommodate upper thorax position

Figure 69:Test subject positioning in the BMW; (a) subject TM08,

Figure 71: Standing anthropometric measurements. (a) trochanteric
height, (b) bispinous breadth, (c) chest depth, (d) waist
circumference, (e) hip breadth, (f) forearm-hand length._ . ... ... ..

Figure 72: Standing anthropometric measurements, (a) foot breadth,
(b)chestbreadth .. . e

Figure 73: Seated anthropometric measurements, (a) biacromial breadth,
(b) hip breadth, (c) C7, T12,and S1 heights ... .. . . ... ...

Figure 74: Seated anthropometric measurements, (a) heights of the
shoulder, head, and knee, (b) leg lengths, (c) ankle height,

XXvi

76
78
79
80
81
82
97

109

124

130

135

138

153

154

154

155

157




Figure 76: Targeting of Seat B (Chrysler Town & Country) 157

Figure 77: Targeting of Seat C (BMW 7 Series). ... 158
Figure 78: Targeting of Seat D (Gray LH) . ... . . 158
XXVii




KEY TO ABBREVIATIONS

Abbreviation Term
A OS o eeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e e e e e e e e e eeee e e e e e e e eenenne Arc cosine
ASIS e ee e s seeenne Anterior Superior lliac Spine
ASPECT . Automotive Seat and Package Evaluation and Comparison Tools
BRA ettt s ee et rene Body Recline Angle
G et Seventh Cervical Vertebrae
HU G e eene Hip Joint Center
O e Johnson Controls, Inc.
LT et ee oo een First Lumbar Vertebrae
L et Third Lumbar Vertebrae
LS e Fifth Lumbar Vertebrae
LA oo e oo eeer e Lower Lumbar Angle
Ly et e e Lower Lumbar Joint
LN e e Lower Neck Joint
LS A e Lumbar Spine Link Angle
LS e Lumbar Support Prominence
P e s e e st s s e e e Pelvic Depth
PH e e s eeen Pelvic Height
P A e, Pelvic Link Angle
PSIS oo Posterior Superior lliac Spine
P Y e e Pelvic Width
SAE e Society of Automotive Engineers
T e Eighth Thoracic Vertebrae
TA e Twelfth Thoracic Vertebrae
T e Total Lumbar Curvature
TS A e Thoracic Spine Link Angle
UL A e Upper Lumbar Angle
UL oo Upper Lumbar Joint
UMTRI University of Michigan Transportation Research Institute

XXviii




1. INTRODUCTION

Seats support diverse user groups, ranging from infants in travel seats to
people who are elderly or disabled. These diverse user groups therefore require
diverse designs to appropriately accommodate and support each occupant.
Several authors have cited the need for improved seating to reduce stress in the
spine and its resulting low back pain [20, 22, 44, 45, 70], reduce pressure sores
in the buttocks [19, 70], and improve comfort [19, 79]. The definition of comfort
has even been debated and ranges from the lack of discomfort to actually
improving the health of the occupant.

Due to the various implications, seating is a concern in many markets,
including medical [19, 70), airline [19], office [43, 47], and automotive [27, 36, 39,
44, 50, 53, 60]. There has been a renewed interest in seating since the time
spent in seated positions has increased drastically due to the proliferation of
automobiles and computers, and society has shifted towards white-collar work
and longer commuting distances. However, the methods of seat design have
lagged behind the demands for improved function and comfort. Until recently,
designing seats for comfort was often based solely on subjective measures.
Occupants, such as fighter pilots, would point out where the seat was
uncomfortable and designers would alter the cushion stiffness in that area, in
hopes of improvement [19]. Although this method may have helped that
individual, no records were kept for how to reproduce a seat or what factors a

given size or user group found important.
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1.1 A iv tin

The automotive driver has been described as being physically at rest while
maintaining a constant state of alertness [32]. The driver’s posture is controlled
in part by the constraints of this task — the feet must be on the pedals, the hands
on the controls, and the eyes sustaining the visual demands. The driver and
passenger seats have accordingly been referred to as the “work chair” and the
“rest chair” [79].

The combination of maintaining a constant position for extended periods
and the vibrational environment of an automobile has been implicated in the
development of spinal disc degeneration. Epidemiological studies (44, 45] have
found that driving increases the likelihood of developing acute herniated lumbar
discs. Although there is still some debate over the culprit — poor posture versus
vibration — it was apparent that persons that drove cars at some point during the
day were more likely to develop this problem than those who did not drive at all.
A consistent pattern was also noted between the occurrence of acute prolapsed
lumbar discs and the age of the car driven. It was not possible to tell if this trend
was attributable to improved biomechanical properties of newer cars or wearing
out of shock-absorbing properties in the older cars. In either case, a seat that is
capable of supporting a healthy posture may be better suited to handling
vibrational loads since improper sitting posture has been implicated in increasing
the spinal stress from vibration and road shock [79].

Owing to the fact that posture is highly individualized and difficult to

measure, improvements in seating industries, such as automotive, have been
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relatively slow to take form. It is the job of the engineer to account for human
factors in seat designs; however, research, such as that by Shen and Vertiz [10],
has illustrated several reasons why seat studies may not directly help engineers.
Factors such as interface pressure and vibration have been reduced due to
improved vehicle dynamics and road conditions over the last several years. Seat
contours have also been designed to accommodate a generic body shape that
conforms to people more closely than previous models. Therefore, when seats of
different designs satisfy the basic requirements of minimizing interface pressure
and vibration discomfort, it is difficult for these seats to be distinguished from one
another when tested for comfort. In the presence of multiple sources of
discomfort, the overall feeling of discomfort is determined by the component
inducing the highest discomfort. However, when none of these sources are
severe, the role of each source on comfort becomes obscure and seat features
that were thought to be unimportant may start playing significant roles in the
determination of occupant comfort and subsequent seated position.

Although it is agreed that seated postures need improvement [19, 20, 22,
44, 45, 70], the lack of acceptance of comfort measures and the unknown role
they play with retumn on investments has lowered the priority of comfort criteria in
design decision making. Fortunately, significant improvements in measurement
technologies, such as video-based biomechanical analyses, force plates, and
pressure mapping, have increased the acceptance of these objective measures

and their relation to subjective ratings in comfort assessments [19, 21].
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To create computer models that save time and money for prototyping and
ease the implementation of design changes, more information about how people
interact with seats is needed. Predicting the location of occupants, their
geometry, and motion in a car leads to better determination of safety restraint
location, controls reach, and visibility — factors that affect the overall operation of
the vehicle. Until further studies of the effects of seat and interior features on the
human reaction to seats have been conducted and interpreted, software cannot
be created that will appropriately imitate the human response.

Although it is agreed [10, 70] that the ideal seat would promote lumbar
lordosis and have sufficient adjustments to be comfortable for many people, how
to accomplish this goal is still debatable. Several production and prototype seats
have been designed to incorporate the current information on individual seat
settings and posture; however, the actual response of individuals to these seats
is relatively unknown.

It has been suggested [58] that people may not use the available backrest
and lumbar supports in accordance with the designs. This incorrect use may
cause even greater discomfort to the occupant than if the seat had been
designed without the lumbar support or other key features. Lumbar supports that
do not allow comfortable pelvis rotation, given the subject selected backrest
angle, may cause the occupant to shift forward in the seat, consequently
achieving that individual's desired pelvis orientation but leaving the lower lumbar
spine unsupported. The purpose of this study was to measure posture as it is

affected by seat and interior package factors for a range of subject sizes. The
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current study uses a video-based data collection system to examine the changes
in posture due to lumbar prominence variations, package settings, hand and leg

positions, and size of occupants.
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2. BACKGROUND

2.1 Motion Data Acquisition

Video-based motion analysis systems are often used in biomechanics to
determine the three-dimensional coordinates of retro-reflective targets attached
to the human body. The retro-reflective tape used to make these targets is
covered with numerous glass beads that reflect the infrared light emitting from
around the circumference of each camera lens, refer to Figure 1. Since these
systems only measure the target locations, the assumption must be made that
the body segments are rigid and the targets maintain a constant relative
orientation with respect to the underlying bones. The choice of bony landmarks
therefore greatly impacts the reliability of the resulting data. The Qualisys

system by MacReflex [55] was used in this study.

(a) (b)
Figure 1: Video-based motion analysis target (a) and targeted test subject (b).

In some cases, targets are not visible to the cameras. A probe was used

in these instances to reach the desired location. Point P, shown in Figure 2, was
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calculated by tracking the locations of targets A and B and knowing the length of

the probe.
A B
o— @ P
— J
—
L

Figure 2: Calculating a probed location.

2.2 Anatomy

2.2.1 Anatomical Positioning

The position and movement of the body are described by the anatomical
planes shown in Figure 3. The mid-sagittal plane, or median plane, of the body
is the plane that separates the body into the left and right sides [16]. A frontal
plane is any vertical plane perpendicular to a sagittal plane. This plane divides
the body into anterior and posterior sections, with anterior facing toward or
located at the front of the body and posterior facing toward or located at the back
of the body. The body is also divided into upper (superior) and lower (inferior)
portions by the transverse plane. Medial refers to closer to the median plane, or
centerline, of the body and lateral is away from the center of the body. The
relative position of the body segments is described by telling which part is closer
to the trunk of the body or to a major joint. Proximal refers to a part that is closer

to the trunk, with distal being further away.
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Figure 3: Anatomical planes of the body [67].

Plane

2.2.2 The Head

The Frankfort plane of the head is defined as a plane through the

is horizontal.

infraorbitale landmark of the eye and the tragion landmarks of the ears as shown
in Figure 4 below. The head is often considered level when the Frankfort plane

3

- oy
Frankfort Plane (] —/8‘49’ /

Figure 4: The Frankfort plane of the head.
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2.2.3 The Upper Extremities

When targeting the body, care must be used in target location selection to
ensure visibility to multiple cameras and not affect the motion or positioning of
the subject. For example, when targeting the elbow only the lateral surface was
used so as to be visible to the cameras and not have the target knocked off when
the subject moved his/her arms. The lateral epicondyle of the humerus was
therefore used in this study (refer to Figure 5).

Similarly, the wrist was located with the ulnar condyle since this landmark
would be visible to the cameras, is easily identified, and of limited interference to

the test subject.

Humerus

i) § / Lateral Epicondyle

of the Humerus

Olecranon
Process of
Ulna (tip of
Elbow)

(b)

(a)
Figure 5: The elbow joint [25] (a) and the wrist joint [76] (b).

2.2.4 The Lower Extremities
In the knee joint, the distal end of the femur has lateral and medial
condyles as shown in Figure 6 (a) and (b) below. These condyles are palpable

landmarks and can therefore be used as target locations to locate the femur. In
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cases where the internal joint motions are to be examined, three targets would
be needed on each bony segment; however, for a simplified sagittal analysis
either femoral condyle is sufficient to locate the knee joint. The lateral condyle
was chosen for this study to maintain visibility and prevent the target from being

knocked off when the subject moved around the test space.

Head of
the femur
(connects
to pelvis)

Medial
4—— Femoral

Condyle

(a) (b)
Figure 6: Anatomy of the (a) knee joint [46] and the (b) femur [26].

The upper head of the femur has a smooth spherical surface that fits into
the acetabulum of the pelvis to form the hip joint. This will be discussed in further
detail with the pelvis, refer to Figure 6 (b) above for a view of this bone structure.

The location of the ankle and foot are also of interest in a biomechanical
analysis of this nature. The lateral malleolus is often used to locate the ankle
with the ball of foot being used to locate the rest of the foot. For this test the ball
of foot target was placed on the lateral side on top of the shoe in order to be

visible to the cameras as shown in Figure 7.
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Lateral Malleolus

Ball of Foot
Figure 7: Landmarks of the ankle and foot [3].

2.2.5 The Thorax

The anatomy of the thorax, or ribcage shown below in Figure 8, is
comprised of three bony structures: the spine, the ribs, and the sternum. The
sternum joins the left and right ribs on the front of the body, with the top portion
referred to as the manubrium. The manubrium and the body of the sternum
become fused by adulthood [16]. The sternal notch and a point mid-way down
the sternum were chosen for this study. The xyphoid was not used since it is
often not visible on female subjects. The xyphoid is also typically blocked from
camera view during testing, due to the arms in the driver position. The ribcage

was also assumed rigid [75].

First Thoracic Sternal
Vertebrae (T1)—_ Sternum Notch
Manubrium
5 of Sternum
m’:::gc S, Acromion Body of
Vertebrae o socmboe gty

(T12) Xyphoid
\ Process of
;5 Sternum

First Lumbar <%
Vertebrae (L1) =™

(a) (b)
Figure 8: Thorax anatomy; side view (a) [62] and frontal view (b) [8].
1
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2.2.6 The Spine

The spine is typically comprised of seven cervical vertebrae, denoted as
(C1—C7), twelve thoracic (T1 —T12), five lumbar (L1 — L5), and five sacral
vertebrae (S1 — S5), as shown in Figure 9 below. In the lumbar region, the discs
between the vertebrae are about one-third of the thickness of the vertebrae and
add to the mobility of the lumbar spine [16]. The thickness of the discs in the
thoracic region is only about one-sixth of the vertebral thickness and significantly
limits motion of the thoracic spine. Mobility of the thoracic spine is further limited
by the connection of these vertebrae to the ribcage. The fused vertebrae of the
sacrum complete the pelvic ring with the two ilia, while the coccyx completes the
spine. The coccyx is usually formed from four small bones, fused together and
joined to the sacrum.

Each region of the vertebral column has a characteristic curvature,
demonstrated in Figure 9. When standing, the cervical region is typically
concave toward the back, referred to as lordosis. The thoracic region is convex
(kyphotic), the lumbar region is again concave, and the sacrum is convex as

shown in Figure 9 (b).

(a) (b)
Figure 9: The vertebrae of the spine, (a) anterior, (b) left lateral, (c) posterior view [73].
12
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2.2.7 The Pelvis

The pelvis has two bony protrusions (one on each side) at the frontal edge
of the iliac crests. These protrusions are the anterior superior iliac spines and
are often used to locate the pelvis in biomechanical studies since they are easily
located and targeted with minimal privacy invasion to the test subject, as shown
in Figure 10 below.

Anterior Superior
liac Spine (ASIS

RN\ )
ey N o
ROk .Y - U ;
- .
~, o Ry 11
" 2N T
;. H

.re
e a

Acetabulum Posterior
Superior
ol lliac Spine
Pubis (PSIS)
Ischial
Hip Joint Center Tuberosities
(a) (b)

Figure 10: Frontal view of the pelvis (a)[6] and side view (b) [54].

A third point on the pelvis is necessary to determine its position in three-
dimensional space. The most commonly used options are the pubic symphysis,
the first sacral vertebrae on the back, either ischial tuberosity, or either hip joint
center (HJC). As can be seen from Figure 10, the pubic symphysis is the joint
between the legs where the front portion of the left and right sides of the pelvis

meet.
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Since use of the pubic symphysis in a biomechanical study requires the
test subject to be comfortable with the privacy invasion of placing a probe
between his or her legs, it was excluded. Use of the S1 landmark requires that
the back of the test subject be visible during testing so this option was also
excluded from use. Methods involving locations of either ischial tuberosity [10]
require that pressure mat data also is collected and the ischial tuberosity location
estimated from peak pressure values. The right HJC was therefore used in this
study as it can be estimated from the ASIS and femoral target motion data as will
later be discussed. In these cases the acetabulum is assumed to be a

hemisphere with the HJC defined as the center of the acetabulum [49].

2.3 The Biomechanics of Sitting and Seat Design
2.3.1 Seated Posture

The shape of the lumbar spine during sitting depends, in part, on the
rotation of the pelvis. Lordosis of the spine is usually required to balance the
trunk in standing since the sacral endplate is typically inclined forward, refer to
Figure 11(a). Radiographic studies [17] have verified that the pelvis rotates
rearward and the lumbar spine flattens, relative to normal standing lordosis,

when sitting.

¢ ) t

(a) (b) (c) (d) (e)
Figure 11: The pelvis and lumbar spine when (a) standing; (b) sitting relaxed,
unsupported in the middle position; (c) sitting erect, unsupported in the middle
position; (d) sitting in the anterior posture; (d) sitting in the posterior posture [17].
14
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The lumbar spine is easily forced into flexion if the angle between the
thigh and trunk is less than 90 degrees [78]. Even if the angle between the seat
and the backrest appears large enough, the thigh and trunk may be too close
together if the seat is too soft or too low to the floor so that the knees are much
higher than the hips.

As the knee straightens, the hamstring muscle pulls forward on the bottom
of the pelvis, rotating the top of the pelvis rearward and reducing lumbar

curvature [36] as shown in Figure 12 below.

[F1ig]ure 12: Effect f hamstring tension on pelvis positioning and lumbar curvature

With the hip in the extended position, such as standing, the ischial
tuberosity is covered by the gluteus maximus muscle [79]. However, with the
hips flexed in the sitting position, the gluteus maximus muscle slides
superolaterally off the ischial tuberosity. The ischial tuberosity is therefore only
covered by skin and fat tissues when sitting. Prolonged, localized pressure over
the ischial tuberosity may cause inflammation of the ischiogluteal bursa [79],

which lies over the sciatic and posterior femoral cutaneous nerves. This
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condition produces pain over the buttocks and posterior thighs and is easily
confused with a herniated disc. Individuals with small ischial tuberosities or thin
gluteal musculature or fat will usually develop pain sooner that those individuals
with thick musculature, fat, or broad ischial tuberosity surfaces.

A principle cause of low back pain is thought to be slouching as it involves
prolonged spinal flexion. This posture leads to increased loading on the
intravertebral discs and ligaments of the back [48]. The upper torso also rotates
forward and the abdominal contents move up into the chest, impairing breathing.
The head is then forward of the base of the neck, leading to neck and back
tension. Upper trunk posture results from a combination of spinal flexion and
pelvic tilt, thus incorrect posture in the lower back can lead to discomfort in the
upper spine and neck if a specific vision task is required.

In general, posture depends not only on chair design, but also on
individual seating habits and the tasks to be performed [17]. The driver’'s seat
not only has to provide a position for access to vehicle controls and visibility, but
must also provide enough support to operate these controls. The position of the
neck, shoulders, and upper and lower extremities depend on the specific task
and work area location. Therefore, a seat and its associated posture must be
considered within the context of the remainder of the vehicle and the required

tasks.

2.3.2 Muscle Loading
Although anthropometry must be accounted for in terms of seat

adjustability, basing a seat design solely on these measures ignores the fact that
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sitting is a dynamic activity that influences the comfort of a seat [79]. This error is
compounded by the fact that anthropometric measurements (refer to Appendix A)
are recorded with the trunk vertical and the angles of the hips, knees, ankles, and
elbows at 90 degrees. When the body is not properly supported, static muscle
loading will occur as various muscle groups act to maintain or restore stability
[48, 79]. Andersson, et al., [2], measured the intradiscal pressure, intra-
abdominal pressure, and myoelectric activity of posterior muscles of the back
while loading the spine in different fixed postures and found that these
measurements all increased when the spinal flexion angle was increased.

Having the arms extended forward in front of the body puts tension on the
shoulder muscles and may cause the torso to slump forward while straining the
muscles in the shoulder and neck area. Proper arm support not only relieves
tension in the shoulders and neck but also decreases body weight passed to the
ischial tuberosities and helps prevent slumped postures in the upper trunk so that
the upper trunk then shifts weight to the backrest [79]. Adding proper foot

support can also improve use of the backrest.

2.3.3 Pressure

Pressure in the body may restrict blood flow and compress nerves.
Circulation is necessary for normal cellular metabolism so any condition which
interferes with the circulation that provides nutrients and eliminates wastes may
lead to cell changes that cause pain or discomfort [48]. Since the ischial
tuberosities are closest to the seat surface they often experience the most

pressure.
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Drummond and co-workers [21] measured pressure distributions of normal
subjects compared to clinical patients to determine some characteristics of
balanced seating. Normal trunk balance was reflected by equal pressure
distributed over the right and left sides, with poor balance recognized as either
uneven pressure or a posterior shift in the center of pressure while the individual
tried to maintain stability. The pressure distribution of two seats that had been
defined as “comfortable” and “uncomfortable” by subjective measures were
examined by Park and Kim [53]. It was found that the body pressure was well
distributed and symmetrically centered on the ischial tuberosities in the
comfortable seat. The uncomfortable seat had an asymmetric pressure
distribution. These researchers found a statistically significant relation between
overall seat comfort and the pressure of hip and lumbar regions relative to the

pressure of the entire cushion.

2.3.4 Seat Pan

Leg support is a critical factor in reducing the load on the buttocks and the
backs of the thigh [17]. The feet should be supported so that the weight of the
lower leg is not sustained by the front part of the thighs resting on the seat, as
this would interfere with blood flow in the legs and lead to numbness.

Chair height is also important since having the seat too low causes a
decrease in knee and hip flexion angles and transfers the weight of the trunk to
the ischial tuberosities and flexes the spine towards kyphosis [79]. Having the
seat too high (or the seat pan too long) puts pressure on the backs of the thighs

to the extent that the occupant tends to slide forward in the seat. This results in
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improper use of the backrest, low back pain due to kyphosis, and excessive
pressure localized to the gluteal region posterior of the ischial tuberosities and on
the sacrum if the posture is maintained long enough [17, 78]. Ischemia and
discomfort from tissue distortion quickly follows [79]. Should the pressure
impinge on the back of the knees, the legs may swell and pressure on the sciatic
nerve may cause pain. The seat pan should also be inclined slightly rearward to
prevent forward sliding in the seat and keep the occupant’s back in full contact
with the backrest.

The horizontal seat belt strap is designed to be positioned on or below the
ASIS of the pelvis [79]. Slouching or a cushion that is too soft can produce slack
in the belt and a high probability that the seat belt will end up across the
occupant’'s abdomen. In a crash, this positioning could result in serious or fatal

internal injuries.

2.3.5 Lumbar Support and Backrest Inclination

It has been found that an appropriate backrest angle lowers stress on the
back, which can be further reduced by the addition of a lumbar support [17].
Conversely, changes in backrest inclination can shift a lumbar support along the
lumbar spine so much that it may no longer be in the lumbar region at all. As
long as the lumbar support is somewhere within the lumbar region, the precise
location was found to be of little importance in this study.

However, in driving, upper sacral support is critical to help stabilize the
pelvis and lumbosacral joint [79]. Appropriate backrest recline and lumbar

support can reduce spinal stress from road shock and vibration by distributing
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loads and preventing the coccyx from bearing weight, as it would in a kyphotic
posture (refer to Figure 11 (e)). It has been suggested [79] that the upper
sacrum and the posterior iliac crests must contact the backrest for appropriate
support and positioning. An open or recessed space below the lumbar support
for the sacrum and buttocks is therefore necessary to meet this contact
requirement. Lumbar support designs that do not allow extra space for the
buttocks may position the occupant further forward on the seat. As a result, the
occupant would be too far forward from the headrest to receive suitable head
support in a collision.

A myoelectric analysis performed by Hosea and co-workers [32] on
paraspinal musculature associated with automotive driving revealed a complex
interaction between the thoracic and lumbar regions of the back. An
experimental driver's seat with a lumbar support that adjusted both horizontally
and vertically was used while forcing the subject to maintain a constant knee
angle throughout all test positions. Electromyography (EMG) data was collected
on 12 back muscle groups during the 3.5 hours of driving. Minimum EMG activity
was found to occur with the backrest angled between 120 and 130 degrees
backwards from a forward horizontal for all regions examined. Although changes
in seat pan inclination were not found to have any significant affect on joint
angles, the EMG signals showed lower activity when the angle was increased
from 14 to 19 degrees. Various levels of lumbar support gave minimum EMG
signals with cervical and thoracic regions having minimums at 3 cm, lumbar at 5

cm and trapezius at 7 cm of lumbar support.
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It has also been recommended [79] that passengers use a slightly greater
backrest recline than drivers. Since it is not necessary for passengers to
maintain alertness, they should take advantage of a more relaxed posture.

Some seats have been designed with a moveable upper thorax support.
Although this may bring the headrest closer, a forward inclination of the upper
part of the backrest tends to push on the upper trunk and shoulders, causing the
lower back to move away from the backrest and have difficulty maintaining
contact with the lumbar support. Kyphosis of the lumbar spine would then result

with poor pressure distribution over the seat and backrest.

2.4 Seating Tools Developmen
2.4.1 Early Seating Tools

The Society of Automotive Engineers (SAE) originally intended the 2-D
drafting template and 3-D manikin (SAE J826 H-point machine) shown in Figures
13(a) and 13(b), respectively, to be used for occupant accommodation in vehicle
interiors [64] and not as measures or indications of seating comfort. However,
due to the lack of more appropriate tools, these SAE devices are often employed
to represent human geometry during seat design. Usage of these devices in this
manner can result in a failing seat design for two main reasons. First, these
devices were built to represent the body dimensions of only one size group of
people — medium stature and medium weight males with various leg lengths —
thus ignoring the influence on posture of different physiques. Secondly, these

manikins do not have a sufficient number of torso articulations to interact with a
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seat surface and therefore they do not represent the positioning of a human
occupant in that seat. When used for seat designing, the flat lumbar regions and

forward sloping torsos result in seats that promote slumped postures.

(a) (b)
Figure 13: SAE tools. a) 2-D drafting template and b) 3-D manikin [64].

Seats designed with a contoured back or lumbar support rotate the SAE
manikin forward, as shown in Figure 14 (a) below, precluding the necessary
measurements required to meet industry standards. Therefore a seat that may
have been comfortable fails to meet industry specifications and may never reach
the production stage. The incompatibility region of Figure 14 (b) must be
accounted for if a manikin such as J826 is to be used for seat design and

inspection.
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Incompatibility

(a) (b)
Figure 14: Incompatibility between seats with lumbar supports and the J826 manikin.

2.4.2 Time Effects

Seat positions that were selected pre- and post-driving were examined by
the University of Michigan Transportation Research Institute (UMTRI) [59, 60,
66]. Although a small difference was found between pre and post-driving
conditions, data suggested that this difference was due to other factors such as
the presence of a seat belt and the initial position of the seat.

Wachsler and Learner [74] investigated the ratings of seating comfort.
Subjects were asked to rate the comfort of several seats after five minutes of
sitting and again after every hour for as long as the subject could tolerate the
seat. Ratings made after five minutes were essentially the same as those made
after four hours of sitting, allowing prediction of fairly long-term effects of sitting

on the basis of a short time sample.
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2.4.3 Textile Influences

Affects of seat covering materials on the position of the occupant have
been examined by Hur and Park [39], who experimentally surveyed 408 people
on their preferences of seat coverings and evaluated these textiles. Of those
surveyed, 145 preferred leather, and 135 preferred woven fabrics, with the rest
preferring pile knits and other unlisted fabrics. Of those ranking leather the
highest, many did so due to the fact that they associated it with luxury, with the
second reason being softness. Woven fabrics were chosen mostly for softness.
When temperature tests were performed, in which each textile was placed in
contact with a copper plate set at body temperature, only slight differences of
less than 2 degrees were found. A sweat test was also performed to examine
water vapor transmission and air permeability. Woven fabrics had the fastest
water vapor diffusion and were a close second to pile knits for airflow. However,
it was determined that these factors would only come into play in a hot and
humid environment, therefore not a test issue in a laboratory environment of

relatively constant temperature.

2.4.4 Seat Factors

Seat factors are those parameters of seats that influence occupant
posture by affecting spinal curvature, torso posture, and position of the hip joint
center. Experimental conditions for measuring these factors were examined by
Michigan State University [35] and used to select a broad range of seats for the

current study. The back angle, cushion angle, and H-point location can be found
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from the existing J826 manikin. Additional seat factors determined to be
important in describing the seat pan were the H-point deflection relative to the
seat and the vertical stiffness under the H-point and knee axes. This study also
identified two other factors necessary for describing the seat back — the amount
of lumbar prominence and the location of the lumbar prominence above the H-
point along the back angle.

From their automotive seating study, Shen and Vertiz [71] found that a
lumbar prominence of 20 mm was favored. The preference of less lumbar
prominence than expected from Andersson’s suggested 50 mm [1] was thought
to be related to how the prominence is accomplished since using a rigid
mechanism may cause discomfort. They found that the subjects liked the lumbar
prominence but found the method used to obtain it objectionable. The lumbar
support was thought to carry a large amount of torso load and maintain a
relatively stable back posture and pelvis. If the lumbar prominence is too great
then the back may be pushed forward so far that the rest of the back cannot
maintain contact with the seat, leading to uncomfortable pressure in the lumbar
areas and lack of support on the other body regions. The authors noted that
greater lumbar prominence might be preferred if it is achieved through soft
padding and a flexible lumbar mechanism.

Reed, et al., [59, 60] used a test buck with minivan dimensions, a
dashboard, steering wheel, and accelerator and brake pedals to examine the
influence of lumbar support on driving posture. Results from a one-hour driver

simulation test, using lumbar prominence settings from 0 to 45 mm, revealed that
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the initial postures chosen by the test subjects were very similar to postures
measured throughout the hour. No significant differences were found between
trials where the lumbar support was fixed versus those cases where the lumbar
support was vertically adjustable, or between subject size groupings, so all data
were pooled together. Lumbar prominence was defined as the maximum
difference between the curved lumbar region of the seat and a reference line
tangent to the posterior curves of the buttocks and thorax. These researchers
found that a 45 mm lumbar prominence did not result in a posture with a
corresponding amount of lordosis, suggesting that the test subject’s back did not
tend to conform to the seat. The small change in subject back contours, and
difficulties in establishing consistent reference lines for a seated subject,
suggested that lumbar lordosis and back contour may not be good measures of
lumbar support effectiveness. The relative orientation of the pelvis and thorax
was determined to be the more appropriate method. The authors thought their
data suggested that the average seated lumbar lordosis for drivers would not
approach the average standing lordosis, even with a well designed lumbar
support. Pressure mat data suggested that the test seat did not substantially
inhibit rearward thorax rotation. Accounting for the effect of knee angle and
resulting hamstring tension on pelvis orientation, it was assumed that lower seat
heights would cause even less lumbar lordosis. The hip joint center was found to
shift forward an average of 11.4 mm and upward an average of 3 mm in the seat

when the lumbar prominence was at its peak compared to a flat backed seat.
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McNally [50) performed a study on mid-sized males to determine if lumbar
prominence in automotive seats affects posture. In this study the subjects were
instructed to sit with their pelvis fully into the seat. It was found that posture was
positively correlated to lumbar prominence if the parameter considered was the
relative orientation of body segments to each other. However, orientations of
body segments relative to arbitrary directions, such as vertical, did not exhibit this
correlation. This agrees with the findings of Reed [59] that the relative orientation
of the thorax and pelvis should be the parameter for measuring spinal posture.
Reed’s study prompted his statement that a highly prominent, firm support may
produce more discomfort as a result of pressure concentration due to seat and
body shape mismatch than would be eliminated by reductions in seated spine
flexion. Therefore, alternative methods of producing seated lumbar lordosis
should be examined.

The idea that spinal curvature can be achieved by positioning the pelvis
and thorax, instead of the lumbar region, was demonstrated with the creation of a
Biomechanically Articulating Chair (BAC), prototyped for seating research by
Hubbard [33]. This seat was equipped with thigh, pelvic, lumbar, and thoracic
segments that articulate with the occupant, with the thorax and pelvis supports
having a one-to-one counter-rotation. Experimental studies using this seat in the
automotive environment will be discussed in the following sections. For further

information on this concept applied to the office environment the reader is

referred to Bush, et al., [84].

27



245 Packag

Packa
previously my
ype. wil cha
peivs orient;
and vision t2
nterior but n
%81 Useq '
dmrests ma
B perce

upper back

246 Hyma

The
Wriace o g
Skin Contgy,
Cfeated 0
HOWeyer’ i

h‘)ﬁy Shape



2.4.5 Package Factors

Package factors refer to interior components of seat placement [35]. As
previously mentioned in Reed'’s work [59], seat height, which varies by vehicle
type, will change the occupant’s posture due to the change in knee angle and
pelvis orientation from hamstring tension. Package factors also include reach
and vision tasks, although these are usually considered when designing the
interior but not the seat. Seat height and steering wheel-to-pedal distances have
been used to predict driver selected fore-aft positions [27]{ P;oper usage of
armrests may also play a prominent role since they have b;en found to reduce
25-30 percent of the pressure under the ischial tuberosities [77] and reduce
upper back and neck pain [78‘].
2.4.6 Human Models

The University of Michigan Transportation Research Institute used seat
surface casting and photos of anthropometric landmarks to determine exterior
skin contour points for crash dummy development [67-69]. Body shapes were
created to represent the mid-sized male, large male, and small female.
However, the seats used did not have significant lumbar prominences so these

body shapes tend to represent slumped postures as shown in Figure 15.
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Figure 15



Figure 15: UMTRI mid-male body contour [67].

While at Michigan State University, Haas [31, 36] developed a 2-D
computer graphics model (JOHN) and a mid-sagittal spinal motion program. The
spine was modeled as a chain of links with fixed lengths, therefore fixing the
anatomical joint centers of rotation with respect to the vertebra. UMTRI data [67-
69] were used to locate the cervical, thoracic, and lumbar spinal joint centers.
The model incorporated a uniform distribution of lumbar rotation, ignoring joint
center mobility and sacral motion, with the thorax and pelvis moving in a one-to-
one counter-rotation. The length of the lumbar spine was increased by 30 mm
compared to the UMTRI data, moving the bottom of the pelvis closer to the body
contour surface, giving a more realistic tissue thickness of 20 mm compared to
UMTRI's 50 mm. The following parameters were then needed to position the
model: one to specify the total lumbar curvature (TLC, shown in Figure 16), one
to specify the torso recline angle (TRA), one for the head tilt (HA), and the
horizontal and vertical positions of the hip joint center (HJC) in space. It was

noted that a slouched posture is required for the JOHN model to fit into the SAE

contour.
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Figure 16: JOHN 2-D computer model [36].

The work of Haas was continued by Boughner [9] to make a 3-D model
with legs, shoulders, and arms. A motion program was also created to articulate
this model, given parameters that define TLC, TRA, and HA. Ellipsoids were
added to represent the muscle groups of the legs and buttocks (refer to Figure
17(b)). These ellipsoids were chosen to represent the underlying contours of the
body and provide an easily scalable method of maintaining muscle volume
similar to the body. The effect of hamstring tightness on knee and hip angle was
accounted for by limiting the lengths of the muscles. Although tendons were
included, they were modeled as straight lines, so extreme postures were not

realistically portrayed.

@ Slu;;ael \ Quadriceps
u ‘ Muscle
2™  Hamstring
Muscle
Calf
Muscle

(b)
Figure 17: a) 3-D John skeletal model [36] and b) sketch of muscles modeled as

ellipsoids [36]. 20
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A 2-D template was developed by Bush [11, 36] to represent the 2-D
JOHN computer model, refer to Figure 18. A vertebral column and back muscles
were also added to JOHN 3-D with skin generated to cover the backside of the
torso at discrete TLC increments. The skin contours represented an average-

sized male in a seated posture with deformed soft tissue due to seat-body

contact.

(a) (b) (c)
Figure 18: Bush [36] 2-D template, (a), and 3-D JOHN back muscles and skin
contour, (b) and (c).

Frost [28] reconfigured the JOHN model to be more anatomically
representative of an average-sized adult male skin contour while retaining the
muscle and bone definition noted in Bush’s model. A contour articulation
program was created so that the external skin contour could be articulated in the
sagittal plane to match the underlying musculo-skeletal systems. This program
was also expanded to include the contours of both the small adult female (JANE)

and large adult male (JERRY), shown in Figure 19.
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Figure 19: JANE, JOHN, and JERRY skin contours [34].

Gederaitis [29, 34] studied the postures of the thorax relative to the pelvis in
ten mid-sized males who were placed in a test seat that could support various
regions of the torso. Positions included a straight back, upper thorax (T6 and
T12) support, lower seat back support (S1 and L3), or both the upper and lower
thorax support. Findings showed that the subjects could attain postures that
were compatible with the JOHN models, but the patterns of motion were not
necessarily coupled as in JOHN.

Further development followed when Ekern [23] created 2-D kinetic
computer models of the SAE J826 manikin and JOHN, refer to Figure 20. Before
prototyping is done, this JOHN model can be used by a seat designer to predict
the manikin’s position in a seat. JOHN was used to compare a current
production seat designed with SAE tools to an articulating prototype seat (BAC
computer model). The results of this effort demonstrated that an adjustable seat,
such as the BAC [33], can support a greater variety of postures and that a lumbar

support may not be as effective as supporting both the torso and pelvis

separately [24].
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Figure 20: JOHN computer model positioned in BAC computer model [24].

2.4.7 Current Seating Tools

The Automotive Seat and Package Evaluation and Comparison Tools
(ASPECT) program was an SAE funded joint venture between MSU and UMTRI
to develop an improved three-dimensional testing manikin [4, 5]. This manikin
was prototyped with four segments (thorax, lumbar, pelvis, and thigh) to mimic a
mid-sized male’'s shape, size, weight, and movement [4]. Although the ASPECT
manikin (refer to Figure 22 (b)) has this capability, it is still a post-construction
tool and therefore not as useful in seat design as a computer model.

Load cells were placed in the laboratory version of the BAC seat (refer to
Figure 21) to measure the three-dimensional forces that support the thighs,
behind and below the pelvis, and the thorax [14]. This seat could then be used to
collect data for computer models and to match the prototype ASPECT manikin’s

weighting to that of a mid-sized male.
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Figure 21: Laboratory BAC with force plates [37].

Bush [12] used the laboratory BAC to measure posture and support forces
of mid-sized males at several recline angles and lumbar positions. The average
loads on the steering wheel and footplate were converted to mass and
subtracted to give the suggested manikin weighting since the ASPECT manikin
does not have arms and lower legs. Gregg [30] then compared the experimental
data of a prototype ASPECT manikin positioned in the BAC to a computer model
of the ASPECT manikin positioned in a model of the BAC in order to validate the
suggested manikin weighting. The ASPECT manikin computer model is shown
in Figure 22 (a). The forces under the pelvis were the focus of this study since

these have the greatest influence on the H-point.

(a) (b)
Figure 22: ASPECT manikin (a) computer model [30] and (b) physical manikin.
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One of the largest drawbacks of the physical seating manikins is that they
are all useful only after a seat is constructed. Designers need tools to use before
the seat is prototyped in order to save time and money. The JOHN computer
models were designed for this purpose, but are not considered “user friendly”.
The easiest way to handle this drawback while simultaneously adding features is
to incorporate the JOHN models into existing industry accepted software. This
would increase the model’s range of physiques and add some analysis packages
while maintaining the posture/positioning features of JOHN. Studies are
currently underway to verify the JOHN contours and increase the back contour
library of data so that the contours of the back, buttocks, and thighs will change
shape with posture changesﬁlSupport forces between people and the laboratory
BAC discussed previously are being measured. The forces and moments under
the feet, thighs, buttocks, behind the pelvis and thorax, and at the hands will be
examined for software implementation [381.

The author knows of four main huma’h» modeling programs currently
commercially available; however, each of these models has limited accuracy in
predicting human position and posture. RAMSIS by TecMath AG [56] is a 3-D-
CAD-Ergonomics tool for the design and analysis of vehicle interiors and work
places. The program offers libraries of multi-national anthropometric data, with
the option of creating your own manikin dimensions, and tools for vision, comfort,
and ergonomics analysis. Jack [40] by Transom also has the above listed
features, but detailed information on this manikin’s spinal movement is not

available. Use of 3-D animated human manikins is available in the McDonnell
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Douglas Human Modeling System (MDHMS) [51] as well; however this program
enables electronic simulation/demonstration of assembly, operations, and
maintenance in the airline industry and does not pertain to the automotive
environment. Although SAFEWORK [65] boasts an advanced anthropometry
database, posture prediction, and ergonomic analysis, it is intended for the
placement of equipment in a manufacturing environment.

Access to a computer manikin such as RAMSIS enables the user to
examine numerous body types, unlike the J826 and ASPECT manikins that only
represent the mid-sized male. Computer analysis also allows the designer to
alternate between seat designs relatively quickly in order to make comparisons.
A combination of the two programs capabilities discussed, and shown below in
Figure 23, would produce the best tool for seat designers, given the current

knowledge of seating biomechanics.

Figure 23: JOHN model [42] and RAMSIS [56].
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3. EXPERIMENTAL METHODS — SEAT FACTORS

3.1 Testing Protocol

The following describes the seats selected for this study and the

measurements recorded. For further information on characteristics of these

seats refer to Bogard [7].

3.1.1 Seat Factors

—

{:T/he automotive seats used in this study were chosen to represent a broad
range of seat factors as identified by MSU in the ASPECT program [35], since
characteristics of some of these seats, such as seat pan stiffness and lumbar
prominence, had already been measuretﬂThe H-point and correlations between
the targets on the seats (refer to Appenc_j; B for target locations) and the manikin
backrest recline angle were measured using a standard J826 manikin [41] and
two prototype ASPECT manikins [4] per the corresponding manuals. The
centerline contour was traced with a probe (refer to Figure 2) to produce a cross-

sectional view of each seat back, with the lumbar supports set to the full on and

off positions for these measurements.

3.1.2 Seats

fi?:pth the armrests and headrests were removed from the seats to prevent
blocking the camera views of the targets in subject testing and to limit the
variables affecting the subject’s chosen postu;é'i./ ;:II of the seats were mounted |

and built up on separate baseboards to attain the specified H-point heights (H30)

~\

and cushion angles (L27). \';
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Seat A, a tan leather covered Chrysler LH manufactured by Johnson
Controls, Inc. (JCI) had an adjustable paddle-type lumbar support. This seat
back had a recline range, as measured with the J826 manikin, of 0 to 65 degrees

rearwards from vertical. Refer to Figure 24.

Figure 24: Seat A, the tan LH.

The Chrysler Town and Country, seat B shown in Figure 25, was finished
with a gray cloth. This seat also had a paddle-type adjustable lumbar support.
The Town and Country was the only true van seat used for this study. This seat
back had a recline range, as measured with the J826 manikin, of 22 to 68

degrees rearwards from vertical.

Figure 25: Seat B, the Chrysler Town & Country.
38



The BMW 7 Series seat, seat C shown in Figure 26, was covered in beige
leather with an adjustable bladder lumbar support. The seat back recline ranged
from 0 to 70 degrees rearward from vertical as measured with the J826 manikin.
The lumbar support height was set to the middle position and then disabled from
further adjustment. Since the BMW seat also had an adjustable upper thorax
segment, testing on this seat was completed in two positions: with the upper
thorax full rearward and full forward, Figure 26 (c) and (d). All manikin
measurements for this seat were taken only with the thorax support in the full
rearward position since the manikins could not be appropriately placed with their

backs against the seat when the thorax support was full forward.

(a) (b) (c) (d)
Figure 26: Seat C, the BMW 7 Series, (c) thorax support fully rearward, (d) thorax
support fully forward.

The prototype seat, a modified LH by JCI, seat D is shown in Figure 27,
was covered in gray leather and had an adjustable lumbar mechanism shown in
Figure 8 below. The seat back recline ranged from 12 to 76 degrees rearward

from vertical as measured by the J826 manikin.
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Figure 27: Seat D, the modified LH by JCI.

a) b)
Figure 28: Lumbar mechanism in gray LH seat, a) lumbar “off”, b) lumbar “on.”

3.1.3 Test Buck

To match the coordinate system commonly used in the automotive
industry, the coordinate system used in this experiment was set with the z-axis
pointing upwards, the x-axis posterior, and the y-axis lateral to the right of the
test buck, refer to Figure 29. A flat motor track on the baseboard was used,

instead of the angled motor of the seat, to keep the seat height (H30) constant

40



when the subject adjusted the seat. An extra spacer board was placed under

each seat for the van package. Refer to Tables 1 and 2 for buck dimensions.
Zian

\4

€

L53
Figure 29: Test buck dimensions.

Table 1: Desired positions for locked package dimensions.

Dimension Description SAE # ‘ Package A | Package B
(sedan) (van)

Seat (J826 manikin H-point) Height H30* | 250 mm 350 mm |
Cushion Angle with respect to Horizontal L27* 13° 13° |
Steering Wheel to Toebar (X) L11 565 mm | 535 mm |
Steering Wheel to Heel Point (Z) H17 610 mm | 700 mm
Steering Wheel Angle with respect to Vertical | H18 22° | 22°
Steering Wheel Diameter (outer) W9 380 mm 380 mm

* based on J826 manikin measurements.
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Table 2: Subject preferred parameters.

Dimension Description SAE #
H-point to Toebar L53
Backrest Angle L40

The Michigan State University Biomechanical Design Research
Laboratory (MSU-BDRL) was used to obtain the data for this study. Test buck
dimensions were calculated from targets on the test buck to verify these package
dimensions.@cie the subject was allowed to choose the horizontal positioning
of the seat, the front half of the buck was moved closer to the seat for the petite
females to account for the short range of motion of the base board motwdf‘@
3.1.4 Test Buck Calibration

Data files were collected at various seat back recline angles on each seat
to correlate the angles of the SAE manikin to those of the seat targets. The H-
point axis of the SAE manikin was targeted for inclusion in Qualisys data
collection, along with the torso, as shown in Figure 30. The manikin torso data
were used to compare seat back inclinations, while the H-point axis was
recorded to determine the actual H30 dimensions. Z‘aualisys data were also
collected on the H-point height of the MSU prototype—ASPECT manikin in each
seat, with lumbar prominence measures collected using both the MSU (version
3) and the JCI (version 5) ASPECT prototype; Measurements of the H-point
height and lumbar prominence were taken from those data sets where the seat

backrest recline was set at 24 degrees, as measured by the J826 manikin.
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Figure 30: J826 SAE manikin measurements of the test buck and seats.
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4. SEAT RESULTS

4.1 Seat A (Tan LH)

Probe data of the undeflected midline contours for seat A (Tan production
LH) showed a very limited difference from lumbar off to lumbar on. Since this
slight difference occurred along the entire back of the seat, it could have been
from aligning the probe slightly off-center of the midline where the fabric is sewn.
The lumbar support of this seat was kept in the "off" position during subject
testing due to the negligible difference in lumbar prominence settings, as can be
observed from the side view image shown below in Figure 31. The averages of

each manikin reading are given in Table 3.

Tan LH Midline Contoirs‘

------- Contour - Lumbar Off |
s Pan Front 1’
= Pan Rear ]

= Recline To 1

®  Recline Bottom —

Contour - Lumbar On

Z Coordinates

L i
m=uin

oVed

-700 -600 -500 -400 -300 -200 -100 O 100
X Coordinates

&

Figure 31: Seat A (Tan LH) midline contours for lumbar off and lumbar on.

44



Table 3: Actual seat A (Tan LH) manikin measurements:
Dimension Description SAE # | Actual Positions (Sedan*)

J826 MSU JCI
ASPECT ASPECT
Seat (manikin H-point) Height | H30 262 mm | 239 mm
Cushion Angle L27 13° 18° 18°
Lumbar Prominence (off/on) 13/---mm | 12/16 mm
*van package added 95 mm to H30

A correlation was formed for each seat between the seat back recline
angle given by the Qualisys targets on that seat and the J826 manikin in order to
determine the expected manikin reading from the subject target data during
testing. The seat back recline correlation between the J826 manikin and the

Qualisys targets for seat A (Tan LH) is shown in equation 4.1.

/ 9.1 826 Manikin = 1.30- eQuaIisys -4.8° (4.1)

The manikin seat back recline reading and the angle formed by the seat targets

did not have a one-to-one ratio due to the difference in pivot points as shown in

Figure 32 below.

Figure 32: Ratio between J826 manikin back angle reading and recline angle
from seat targets.
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4.2 B (Town an unt

The contour difference caused by turning on the lumbar support of seat B

(Town & Country) is shown in Figure 33. The average manikin readings are

given in Table 4.

Chrysler Town & Country Midline Contours

------- Contour - Lumbar Off |
» Pan Front
n Pan Real’ ;—
®  Recline Top
m  Reline Bottom ol
Contour - Lumbar On

Z Coordinates

- \"""-"

/—-\ &,.‘

-700 -600 -500 -400 -300 -200 -100 O 100
X Coordinates

Figure 33: Seat B (Chrysler Town & Country) midline contours for lumbar off and

lumbar on.

Table 4: Actual seat B manikin measurements:

Dimension Description SAE # | Actual Position (Sedan*)
J826 MSU JClI
ASPECT ASPECT
Seat (manikin H-point) Height | H30 274 mm | 263 mm
Cushion Angle L27 13° 18° 20°
Lumbar Prominence (off/on) | --- 95/185mm | 15/23 mm

*van package added 95 mm to H30

The seat back recline correlation between the J826 manikin and the
Qualisys targets for seat B (Town & Country) is shown in equation 4.2.

6,826 Manikin =139 Opualisys —14.8°
46
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4.3 Seat C (BMW 7 Series)

Seat C (BMW 7 Series) had a very large difference in lumbar prominence

between the lumbar fully on and fully off positions. When the lumbar prominence

was at its fullest, the lower portion of the backrest fabric also pulled away from

the seat pan to form more of a recess in the buttocks region, shown in Figure 34

below.

Pan

|
]

....... +--- Contour - Lumbar Off |
Front
Pan Rear
Recline To|
Reline Bottom
gggg Upper Thorax
Contour Lumbar On /

BMW 7 Series Mdiine Cont

Wrs

17

Z Coordinates

.)

-700 -600 -500 -400 -300 -200 -100 O 100

X Coordinates

Figure 34: Seat C (BMW) midline contour for lumbar off and lumbar on.

These measurements were recorded with the upper thorax support of the

backrest in the rearward position so as not to interfere with the manikin as

previously mentioned, refer to page 39. Manikin readings are given in Table 5.

Table 5: Actual seat C manikin measurements:

Dimension Description SAE # | Actual Position (Sedan*)
J826 MSU ASPECT | JClI
ASPECT
Seat (manikin H-point) Height | H30 273 mm | 260 mm ---
Cushion Angle L27 13° 16° 15°
Lumbar Prominence (off/on) | --- --- 13/ maximum | 7/25.5 mm
*van package added 95 mm to H30
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The seat back recline correlation between the J826 manikin and the

Qualisys targets for seat C (BMW) is shown in equation 4.3.

61826 Manikin = 1-35* Oguaiisys = 2-2° (4.3)

4.4 Seat D (Gray LH)

Seat D (Gray LH) always had a large prominence in the lumbar region
with only a small difference at the top of the lumbar bulge between the fully on
and off lumbar support positions (refer to Figure 35). The manikin readings are

given below in Table 6.

Gray LH Midline Contours

[ eeeneae Contour - Lumbar Off. 56
1 Pan Front l

n

= PanRear |

= Recline Top |

= Recline Bottom =
Contour - Lumbar On|

Z Coordinates

-700 -600 -500 -400 -300 -200 -100 0 100
X Coordinates

Figure 35: Seat D (Gray LH) midline contour for lumbar off and lumbar on.

Below are the dimensions of the lumbar support mechanism of seat D
shown previously in Figure 28. It was expected that this mechanism would

produce a larger change in lumbar prominence than shown in the previous
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contour. However, the lack of differences in contours may be due to the fact that
the fabric was taught enough to conceal changes in lumbar support under the

fabric, therefore not revealing significant contour differences when the seat was

not weighted.
Lumbar on Lumbar off
< 75 mm , /
\ mation \ /| botor
v

Figure 36: Measurements of internal lumbar mechanism of seat D.

Table 6: Actual seat D manikin measurements:
Dimension Description SAE # | Actual Position (Sedan*)

J826 MSU ASPECT | JCI ASPECT
Seat (manikin H-point) Height | H30 | 268 mm | 258 mm

Cushion Angle L27 13° 15° 14°

Lumbar Prominence (off/on) | --- 22.5 / maximum | 17.5/23.5 mm
*van package added 95 mm to H30

The seat back recline correlation between the J826 manikin and the

Qualisys targets for seat D (Gray LH) is shown in equation 4.4.

07826 Manikin =1-27 - Opyqlisys — 3.1° (4.4)
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5. EXPERIMENTAL METHODS — SUBJECT TESTING

5.1 Testing Protocol

This protocol was developed with the assistance of Ron Roe of
Anthrodynamics [63] and Hartmut Speyer of TecMath to address the affects of
lumbar prominence on posture in automotive seats.

Each test subject was allowed to choose the horizontal fore/aft position of
the seat and the seat back recline angle for each lumbar prominence setting so
that he/she was in the most comfortable position possible. Package factors
addressed in this study included seat height, hand position, foot position, and
vision task. As stated earlier, variations in seat height were accomplished
through two vehicle package settings, sedan and van. rT‘wo hand positions were
tested to represent both the driver and passenger postures, one trial with the
subject holding the steering wheel in the ten and two o’clock positions and the
other with the subject’s hands resting on his/her lap. Both feet were placed on a
toebar for the driver trials, similar to using pedals: énd flat on the horizontal
footplate for the passenger trials. A dashboard from an Oldsmobile sedan was
used for this setup (refer to Figure 43). However, it was necessary to cut the
dashboard in half with only the driver’s side used for testing since the complete
dash was difficult to make stable or allow room for camera placement. Since
using a TV would cause a glare and interfere with the Qualisys cameras, the
vision task was simplified to focusing on an eye level poster of a road. Both the
driver and passenger positions were tested since it has been suggesteg [47] that

the postural constraints of driving may require that the driver’'s seat has greater
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physical support and contouring than the passenger’s seat. However, it should

be noted that all of the seats used in this study were intended for the driver. |

—

5.1.1 Test Subjects

Test subject selection was based on NATICK [52] groupings as shown in
Tables 7 and 8 below. These criteria were chosen to represent the full spectrum
of the adult population. Groupings included petite, light females, petite, ample
females, medium height and weight females and males, tall, light males, and tall,

heavy males.

Table 7: Anthropometric groups (30 subjects total).

Stature
Weight 57 50" 95"
5 5 Females 5 Males
50" 5 Females & 5 Males
95" 5 Females 5 Males

Table 8: Ideal ranges of anthropometric groups.

% Stature Weight

Females | 5 | 59-61in./150-155 cm 95-115 Ibs. / 43-52 kg.
50 | 63-65in./160-165cm | 125-145 Ibs. / 57-66 kg.
95 | 67-69in./170-175cm | 160-180Ibs./73-82 kg. |
Males 5 | 63-65in./160-165 cm 125-145 Ibs. / 56-66 kg.
50 | 68-70in./172-177 cm 160-180 Ibs. / 73-82 kg. |
95 | 72-74in./182-189 cm | 205-225 lbs. / 93-102 kg. |

Testing was performed in accordance with the University Committee on
Research Involving Human Subjects under IRB# 99399, approved consent forms
were fully explained to and signed by each subject prior to testing. The figures
and table below show the spread in anthropometric measurements for all

individuals tested.
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Subject Heights - Standing
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Figure 38: Test subject weights without shoes.
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Table 9: Test subject anthropometric groups.

Population Samples |Subject ID |Stature - No Shoes |Weight Age
In. (mm) |Lbs. (ki Yrs.
Petite, light females | TMO1 57.5 (1461) |101 (46)| 19
TMO02 60.25 (1530) {108 49)| 21
TM03 61 (1549) (114 (52)| 19
TMO04 61.75 (1568) |104 (47)| 19
TMO5 61.75 (1568) |112 (51)| 22
Average 60.5 (1535) |107.8 (49.0)| 20.0
Standard Deviation 1.8 (44.8) 5.4 (25| 1.3
Medium females TMO06 64.5 (1638) |145.5 (66)| 21
TMO07 64 (1626) (118 (54)| 49
TM08 65 (1651) (129 59)| 20
TMO09 65 (1651) [131.5 (60)| 22
T™10 64.5 (1638) |124.5 (57)] 19
Average 64.6 (1641) [129.7 (59.0)| 26.3
Standard Deviation 0.4 (10.6) [10.2 (4.6)| 12.6
Petite, ample females [TM11 62 (1575) (184 (84)| 18
T™M12 58.75 (1492) |168 (76)| 74
TM13 60.5 (1537) |201 (91)| 43
™14 62.5 (1588) |220 (100)| 20
T™15 60.25 (1530) |170 (77)| 76
Average 60.8 (1544) |188.6 (85.7)| 46.4
Standard Deviation 1.5 (37.9) [22.0 _ (10.0)| 27.9
Tall, light males T™M16 73.75 (1873) |139 (63)| 19
™17 72 (1829) |152 69| 21
T™M18 72.75 (1845) |127 (58)| 22
TM19 71.5 (1816) |129 (59)| 22

TM20 Not Tested
Average 72.5 (1841.5) (136.8 (62.2) | 21.3
Standard Deviation 1.0 (24.9) [11.4 52| 1.4
Medium males TM21 68.25 (1734) 1745 (79) | 44
T™M22 68.75 (1746) |184 (84) | 24
TM23 68.5 (1740) |168 (76) | 28
TM24 67.75 (1721) 1725 (78) | 20
TM25 69.25 (1759) |163.5 (74) | 21
Average 68.5 (1739.9) (1725 (78.4) | 27.3
Standard Deviation 0.6 (14.2) 7.7 (35| 99
Tall, heavy males TM26 73.25 (1861) |217 99) | 24
T™M27 72.25 (1835) |193 (88) | 22
TM28 71.5 (1816) |218 (99) | 20
TM29 72.25 (1835) |195 89 | 21
TM30 72 (1829) (207 (94) | 24
Average 72.3 (1835.2) [206.0 (93.6) | 22.5
Standard Deviation 0.6 (16.2) [11.8 (5.4) | 1.9
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5.1.2 Anthropometric Data Collection

\ imhropometric measurements that were recorded during testing are
described in Appendix A. These measurements were based on a 1988
anthropometric survey of U.S. Army personnel by the U.S. Army Natick
Research, Development, and Engineering Center [52] combined with those used
by TecMath for virtual manikin buildir;gl\ Measurements were taken with subjects
wearing thin, tight-fitting clothing.

[The contour system developed by TecMath [57] was adopted to gather

silhouettes so an appropriate anthropometric analysis could later be conducted.
This system records a black and white computer image of each subject in three
postures against a known and calibrated background space, as shown in Figure
39 below. The subject's outlines were then imported into TecMath's RContour

program to build an appropriately sized virtual manikin of that test subjec@

Figure 39: Contour program developed by TecMath and example silhouettes.
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5.1.3 Motion Data Collection

A wooden laboratory seat, shown in Figure 40, with an opening in the
back, was used to collect reference data of Qualisys marker locations along the
spine since these locations were not accessible once the subject was in the
automotive seats. This hard seat had approximately the same seat pan and seat
back orientation as the automotive seat setup. The subject was seated with the
back of the pelvis and lower spine against the seat so that his or her flat lumbar
spine could be used as a reference position for JOHN measurements of lumbar
curvature as previously discussed. The subject’'s head was oriented with the
Frankfort plane nearly horizontal, by means of aligning the appropriate landmarks
with a level, when the reference seat data were collected. The subject’s feet
were placed on a flat block at a comfortable distance and close to the sagittal
plane of the body. The reference seat gives a J826 manikin cushion angle of 10

degrees and a manikin back angle of 24 degrees.

23°

580 mm

150 [
\‘:‘91 mm (500\->
mm

225 mm
Figure 40: Reference hard seat dimensions.
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Once anthropometric measurements were taken, the subject was targeted
and tested in Seat A (tan LH), Seat B (Town & Country), Seat C (BMW with
thorax fully forward and then fully rearward), and Seat D (Gray LH). Térgets
were applied while the subject was seated in order to reduce errors;om skin
movemerif.'\@each seat the subject was tested in both the sedan and van seat
heights’wﬁ\ the lumbar support in the fully on and the fully off positioﬁLEach of
these cases was then alternated between driver and passenger, fof a total of
eight conditions per seé?/.\ Each test subject was allowed to sit in a preferred
position with respect to"seat horizontal position and backrest recline angle. The
subject was only allowed to adjust the steering wheel tilt if the wheel was too
close to his or her thighs to be comfortable.@oth of the subject’s feet were
placed on the toe bar during the driver condition since a sagittally symmetric  ~
analysis was used for this stlfd“y. Occasionally, one of the petite females could
not reach the toebar comfonalfly so a wooden block was placed in front of the
toebar so the subject could achieve comfortable leg positions.

Advice was not given to the subject regarding placement of the buttocks in
the seat or choice of backrest recline angle, since the objective was to have the
subject in his or her preferred position. However, to discourage severely
slouched postures the initial position of the seat was with the backrest fully
upright and the seat adjusted too close to the steering wheel and toebar. The
test subject was asked to scoot forward in the seat, away from the backrest,

while lumbar adjustments were made to help ensure that adjustments in posture

were made between trial@ince the test conditions were static, only one second
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of data, collected at 12 Hz, was necesséiy‘;\The test conditions were randomized
so that half of the subjects started with the lumbar support in the off position, and
the other half in the on position. Testing also alternated between the sedan and

van packages. The order in which the seats were selected was randomized.

5.1.4 Targeting Setup
Target locations used in the reference hard seat files are listed in Table 10
and shown in Figure 41 below.

Table 10: Target locations for reference trials.
Reference Seat | Test Subject
Seat Pan Front | Sternal Notch
Seat Pan Rear Mid-sternum
C7 (Seventh cervical vertebrae)
T8 (Eighth thoracic vertebrae)
T12 (Twelfth thoracic vertebrae)
L1 (First lumbar vertebrae)
L3 (Third lumbar vertebrae)
Left ASIS and Right ASIS
Mid-PSIS
Right Thigh
Right Knee (Lateral Femoral Epicondyle)
Right Ankle (Lateral Maleolous)
Right Ball of Foot
Right Shoulder (Acromion Process)
Left Head (Temple) and Right Head (Temple)
Forehead (1 cm above Glabella)

Right
C Shoulder
.Tr2 Left and
L1 Right ASIS
L3 Right Ankle
Mid-PSIS]
Hard ight Ball
seat front ?lthotma
and rear

(left side) )
Figure 41: Reference hard seat and targeted subject.
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The automotive seats were also targeted to calculate the seat back recline
angle and horizontal position of the seat relative to other package factors, such
as L53, of each trial. Various bony landmarks of the test subject were targeted
as shown in Figure 42 and Table 11 below. The importance of these particular

landmarks has been discussed.

Table 11: Target locations for seat testing.

Reference Seat Test Subject
Seat Pan Front and Rear | Sternal Notch
Recline Top and Bottom Mid-Sternum

Right Toe Bar c7
Buck Front and Rear Left ASIS and Right ASIS
Buck Top Mid-Thigh

Right Knee (Lateral Femoral Epicondyle)
Right Ankle (Lateral Maleolous)

Right Ball of Foot

Right Shoulder (Acromion Process)

Right Elbow (Humeral Lateral Condyle)

Right Wrist (Uinar Condyle)

Left Head (Temple) and Right Head (Temple)
Forehead (1 cm above Glabella)

Right Head

Forehead

Wrist
Sternal Notch
Mid
Sternum

c7

Right
Shoulder

Elbow

Right and Left
ASIS Right Thigh

Recline Top Right Knee
and Bottom Right
Seat Pan Front BOF
and Rear
Buck Top
Buck Rear Buck Front Right Ankle Toe Bar

Figure 42: Targeted subject in test buck.
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The photographs below show the entire set up of the test buck .

(b) (c)

(a)
Figure 43: a) Test buck set up in van condition. b) Vision task. ¢) Dashboard and
steering wheel.

.2 Calculation
The main goal of this analysis was to measure how postures are affected
by seat and package factors. To accomplish this goal, the relative orientation of
the pelvis and thorax were examined. A point on the pelvis (the hip joint center
as discussed on page 13) was included to locate the person in the seat.
Information on the lumbar curvature, and orientations of the head, legs, and arms

were also included to provide a complete analysis.
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5.2.1 Rotation to Sagittal Plane

Before calculations were performed, targets on the test buck were used to
align the X-axis of the buck with that of the calibrated lab space so that all data
maintained a common reference point and orientation. The targets on the buck

frame, and those on the hard seat of the reference files, formed the X-axis of the

AN -~

——

test buck/ with the positive direction pointing rearwardsy.)lt was assumed that the
targets on the calibration structure were level, within the error of the collection

system, so that only a rotation about the vertical Z-axis was necessary.
4 2

Xbuck
B .

Xap ¢— >
lab +iy

X
Ylab buck

~

Figure 44: Rotation of test buck to align with lab coordinates.

Position vectors will be noted with the use of an “R.” The x-axis of the test buck
was created to point positive posterior using equation 5.1. Rgyck_rear is the
position vector of the rear target on the buck in the buck coordinate system.

RBuck _rear — RBuck _ front

X Buck = RBuck_rear/ Buck __ front = R R
Buck _rear — **Buck _ front

Reference files were rotated with the above method, except the front and rear

targets of the buck were reversed since the subject was facing the opposit;
. -
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direction to view the spine in those trials. In the following equations, ACos will be

used in place of arc cosine. The angles used to align the data are defined in

equations 5.2 and 5.3. Y| is a unit vector for the y axis of the lab coordinate

system. Xpyck and XHardseat are unit vectors for the x axes of the buck and hard

seat.
6 4iign = 90° — ACos (Preo - X Buck) (5.2)
6Align =180° - (900 - ACOS(); Lab* X HardSeat )) (5.3)

The position vectors of each target were then rotated to align them with the lab
coordinate system from the calibration structure. The origin was also moved so
that all points were relative to a common reference point, the rear buck target,
refer to equation 5.4. R’ is a modified position vector. With R being the original

position vector to each target.
CosO giign  Sin6 4y, 0
R’=|-Sin6 ., CosOyu,, 0| R (5:4)
0 0 1
Cos0 4ign  Sin6 g, 0
—| —=Sinb4sgn  CosOuiign 0| Rpyck _rear
0 0 1

5.2.2 Head Tilt

Head tilt was defined as the sagittal plane angle between horizontal and a
line from the temple target to the forehead target. The angle that was calculated
from these targets in the reference file was subtracted from the seat trials in
order to reference the head tilt target angle to the Frankfort plane orientation,

Refer to Figure 4.
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5.2.3 Elbow Angles
For the driver positions, the elbow angle was calculated as the angle
between the segments of the arm as in Figure 45 below, using the definition of

the dot product of the relative vectors for each segment. Rshoulder/Elbow IS @

vector from the elbow target to the shoulder target.

_ RShoulder/ Elbow * RWrist/ Elbow
9 Elbow — A COS
|RShou1der/ EIbowl : IRWrist / Elbowl

Rshoulder/Elbow

Rwrist/Elbow
Figure 45: Elbow angle definition.

The splay angle for the arms was determined by rotating the plane formed
by the wrist, the elbow, and the shoulder around a vector from the shoulder to the
wrist until the arm plane was vertical. Then the normal vector to the arm plane

was given by equation 5.6.

Ay = Ryrist 1 Etbow X Rshoulder  Etbow (5.6)
rm
IRWn'st/Elbow X Rshoutder/ Elbow

The normal to the vertical plane with the shoulder and wrist was defined by

equation 5.7.
Rz _Buck X Rsnoulder 1wrist (5.7)

ﬁVerlical =
Rz Buck * Rsnoulder 1wrist
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The angle between these normal vectors of each plane gives the angle between
the planes, referred to as the splay angle shown in Figure 46.

aArmSplay = ACos (ﬁArm ) ﬁVertical) (5.8)

Figure 46: Definition of arm splay angle.

5.2.4 Hip Joint Center

The right and left anterior superior iliac spines (ASIS), the midpoint of the
posterior superior iliac spines (PSIS), and the knee targets were used to
calculate the right hip joint center (HJC) from these target locations and the
anthropometric measurements of the pelvis. Since the subject was allowed to sit
in a preferred position, the location of the buttocks needed to be related to the
seat pan to determine the subject’s location in the seat. A comparison was
therefore made between a target on the seat and the HJC of the test subjects.
Because this offset varies by seat and lumbar positioning, a relation between
human HJC location and seat factors will later be examined to determine if this
relation is predictable.

The right hip joint center was calculated from the knee and ASIS targets

as follows. The pelvis coordinate system and resulting right HJC location were
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defined from the reference files when the subject was in the wooden seat. The
distances between the right knee and the right HIC and the right ASIS and right
HJC were then calculated to later locate the HJC in the seat trials.

For the sake of clarity, vectors in the pelvis coordinate system are denoted

by lowercase letters (r) while vectors in the laboratory coordinate system are in
uppercase (R). The target and estimated tissue thickness (Lgxiernal) wWere first

accounted for to get a closer match to Marchinda’s study [49] on defleshed
cadavers. Tissue thickness was estimated as 8mm [5], with approximately an
inch added to account for heavier subjects. The thickness of the target backing,
shown in Figure 1(a), also had to be accounted for; giving a distance from the

target center to the underlying bony landmark defined in equation 5.9.

SphereThickness
2

Since the reference files contained target data for both the front and back of the

Levtornal = + Tissue + Backing (5.9)

pelvis, these data could be used to estimate the defleshed location of the pelvis
targets. The above length was subtracted towards the center of the body
beginning with a vector from the right ASIS to midway between the left and right
PSIS landmarks (refer to Figure 47).

ey = Ruiapsis — Rrasis (5.10)
1
B |Rpiapsis — Rrasis|
I-external Rn‘ght
Right ASIS 6=~
Mid-PSIS
Lexternal Rmid

Left ASIS
Lexternal Rieft
Figure 47: Estimated locations of pelvis landmarks (top view).
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Then the estimated location of the right ASIS bony landmark was:
RASIS Actual = RRASIS + LExtemaI ) RRight (5.11)

Using the same method, the estimated location of the left ASIS was therefore:

Ruiapsis — Ripasis (5.12)
Ryiapsis = Rpasis]

LASIS gctuat = Rpasis + Levernal * |

The estimated location of the actual PSIS landmark was taken from both of the

ASIS target locations.

5 ~(Rug—Ru) 5.13)
e |jéRighz —RLeftl

The actual location of the midPSIS landmark was estimated by equation 5.14.

A

midPSIS 41,1 = Rmiapsis + Lexernal * Rmia (5.14)
Using the new pelvis landmark locations, the y-axis (positive medial from

the right to the center of the pelvis) of the pelvis coordinate system with the origin

at the right ASIS was then defined, with respect to buck coordinates, by the ASIS

targets as follows (refer to Figure 48).

_ Rpasis — Rrasis (5.15)

Y Pelvis = I RLAS[S _ RRASISI

The vector from the right ASIS (origin of pelvis coordinate system) to midway

between the right and left ASIS was given by equation 5.16.

Roiaasis: psis = (RRASIS + Ruasts ~ Rasis J‘ Rpgs (5:16)
Crossing the vector from the PSIS midpoint to the ASIS midpoint into the y-axis

then formed the z-axis of the pelvis. The resulting z-axis was then positive

inferior.

Bps, = Y pelvis X Rmidasts 1 psis (5.17)

|7 Petvis X Rmiaasts  psis
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Finally, crossing the y and z-axes to form a right-handed coordinate system, with

the x-axis positive posterior formed the x-axis of the pelvis.

X pelvis = Y Pelvis % Z Pelvis (5.18)

The resulting pelvis coordinate system, along with intermediate vectors and

target locations, is shown below in Figure 48.

mid-PSIS

Figure 48: Pelvis coordinate system (solid arrows) with intermediate vectors
(dashed arrows) and targets [6].

The method of estimating the right HIC, developed by Marchinda, et al.,
[49], was adopted for this study. This method uses the measured pelvic width
(PW), pelvic height (PH), and pelvic depth (PD), refer to Appendix A, to locate
the HJC in the pelvis coordinate system. The right HJC is located posterior,
medial, and inferior to the right ASIS, as shown above in Figure 48. In the pelvis
coordinate system the HJC was located according to equation 5.19.

0.34*PD (5.19)
rHJC =(0.14*PW
0.79* PH
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The HJC in the pelvis coordinate system was then transformed to the buck

coordinate system.

X Pelvis i Y Pelvis _i Z Pelvis i (5-20)
Reyc =| Xpeivis_j  Ypetvis_j Zpetvis_j |"THic + Rrasis

_xPelvis _k Y Pelvis _k Z pelvis _k |

It was assumed that the legs remained in relatively the same position with
the pelvis between the reference hard seat and the automotive seats. Therefore
the reference sagittal (x-z) dimensions between the right ASIS, right knee and
right HJC could be used to estimate the location of the right HJC in the

automotive seats [15]). Refer to Figure 49 below for the following calculations.

: igh
Right ASIS Lromur .- O VOIS
e: Y A e “ » -XBuck
A .
' ”’
LPeriq'," ,,,,,
S
' ”‘
e LseatTrial
' ”"
',' Ork .-~
HJIC 4™

Figure 49: Estimation of the right HJC from seat trial data.

The length of the leg and the pelvis height using the target locations from
the reference file are given in equation 5.21 and 5.22.
Lremur = |Reyc = Rineel 5, (5.21)
Lpeyis = |ch - RRASISl XZ (5.22)
The length from the right ASIS target to the knee target during the seat trials was

defined as follows.

LSeatTn'aI =|RRASIS _RKneel XZ (5.23)
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The above three known lengths were then used to calculate the location of
the HJC during the seat trials in the following manner. Equation 5.24 defines the

resulting HJC angle between the right ASIS and the right knee.

2 2 2

Orasis_knee = ACOS Leartriat = LFemur = Lpelvis (5.24)

_Knee
-2 LFemurLPeIVis

The angle between the right HIC and knee was also required, refer to Figure 48.

2 2 2

2] = ACos LFemur - LSeatT rial — “Pelvis (5’25)

HJC _Knee — 7L L
= «LSeatTrial ~Pelvis

To get the estimated HJC location in the buck coordinate system, the X-Z
coordinates of a unit vector from the right ASIS to the right knee were rotated by
01k about the y axis. This was done using a distance equal to the pelvis length,

with the right ASIS as a reference point.

HJC, _ . [ Cos(=6px)  Sin(-6px )] . Rinees rasis_x (5.26)
HIC, | "7 | — Sin(~ By ) Cos(-Oy)

RKnee/RAsm_z
Although this estimation was performed sagittally, a y-coordinate was desired to
create a full 3-D picture for visualization purposes. The y location of the HJC
was therefore estimated from the two ASIS landmarks.
HIC,=0.14-PW - Jps (5.27)
Only the right side was estimated since later analysis was conducted under the
assumption that the body was sagittally symmetric. Equation 5.28 was used to
determine the location of the right HJC in the buck coordinate system.

HIC, (5.28)

Rpjc = Rpysys | HIC,
HIC,
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5.2.5 Pelvis Angle
The pelvis angle was calculated as the angle between horizontal and a
line connecting the right ASIS and right HJC.
Opevisangle = Ok +Oxx (5.29)

The 6x« angle in equation 5.29 was defined by equation 5.30.

5 Rypee =R 5.30
Oxx = ACOs| Z ek (101227&49“ —90° (5:30)
|RKnee i RRASIS'

,l‘ Pelvis Angle

®
Figure 50: Pelvis angle definition.
5.2.6 Thorax Angle

The thorax angle represents the recline of the ribcage with respect to
vertical, with a positive angle being a rearward recline.
(RSlemalNolch = RMidSIemum )XZ (5.31)

5 %
Ohoraxangte =90° — ACoS| X gy -
% R R
] SternalNotch — MidSIzrnuml XZ

Figure 51: Throrax angle definition.

69



5.2.7 Openness Angle

The thorax and pelvis angles were added together (plus 90 degrees) to
determine the position of the thorax relative to the pelvis, refer to Figure 52. This
value is based on that used by Bush [13, 14] although the definition of pelvis
angle differs due to available targets. A similar calculation will later be explained

that focuses on the angles between the estimated internal spinal joints.

Figure 52: Openness angle definition.

5.2.8 Knee Angles

The knee angle, ankle location relative to HIC, and knee splay angle
specified the three-dimensional leg orientation. Although the thigh target could
be used in place of the HJC as a backup, this target was not as reliable since it
tended to fall off during testing and was subject to excessive tissue movement
when the test subject slid into the seat. The knee angle was determined from the
dot product between a vector from the knee to the right HIC and from the knee to

the ankle. The knee angle is shown below in Figure 53.

eKnee = ACos Rf_l._IC/ Knee 'RAnkIe/Knee (5.32)
|RHIC / Knee| ’ IRAnkle/ Kneel
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RHuC/Knee

Rankie/knee

Figure 53: Definition of knee angle.

The splay angle of the knee was calculated as the angle that the plane

formed by the HJC, knee and ankle targets is rotated (around a line between the

right HJC and ankle) until the plane of the leg is vertical.

The unit normal to the vertical plane was defined with equation 5.33.

5 _ Rzpuck X Ryyyc s ankie
Vertical — R R
| ZBuck X Reyc ) anktel

The resulting splay angle for the leg was defined with equation 5.34.
ol.egSplay = ACos (ﬁleg : ﬁVem‘caI)

The knee splay angle is shown below in Figure 54.

Vertical

‘\ pla_ne

s X *.fOLegSplay

Figure 54: Knee splay angle.
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5.2.9 Ankle Angles
Two ankle angles were calculated, the first was similar to the knee angle
as the angle between the lower leg and the foot.

Rinee s ankie * Rankie 1 BatiofFoor (5.35)

0Ankle = ACos

|RKnee/ Anklel : RAnkle/ BallOfFoot
The other angle, referred to as the shoe angle, was calculated as the ankle angle

minus the reference angle from the flat foot case of the reference files.

Oshoe = {900 — ACos (Z Buck * (RBaIIOjFoot / Ankle )SeatTria s )} (5.36)
+ {ACOS (Z Buck * (RBaIIOfFoot | Ankle )HardSeat )'—' 900 }

Ankle Angle

| Shoe Angle

U R AN RIS SR N BIINMNRITS VRN,

Figure 55: Ankle and shoe angles.

5.2.10 Lower Lumbar Joint Location

The lower lumbar joint (LLJ) location, connecting L5 and S1, was
estimated from anthropometric data and target locations similar to that of the hip
joint center [49]. In the pelvis coordinate system, the sagittal plane location of

the LLJ was given by equation 5.37.

0.399% PD (5.37)

ripy = -
-0.432*PH
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Lower
Lumbar
Joint

Mid-ASIS

XPelvis

Zpelvis

Figure 56: Sagittal view of the lower lumbar joint location in the pelvis coordinate
system.

The above location of the lower lumbar joint in the pelvis coordinate system was

then transformed back into the buck coordinate system.

xPeris__i Yy Pelvis _i z Pelvis _i (5'38)
Riry =|Xpetvis_j Ypelvis_j ZpPeivis_j |" "Ly + Rrasis
xPelvis_k Yy Pelvis _k zPeris_k
The sagittal plane angle between the LLJ and right HIC was defined with
equation 5.39 and is shown in Figure 57.
8.1, e = ACos Ry — Rrasis - Rryc — Rrasis (5.39)
|Ru.1 - RRASISI |RHJC - RRASISI
Refer to equation 5.40 for the remaining dimension needed to calculate the LLJ
location in the seat trials.
Liowerspine =V (0.399PD) +(~0.432PH ) (5.40)
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A'Y position for the LLJ was estimated only for visualization purposes. Rotating
the right HJC to ASIS vector up to the lower lumbar joint by the above theta gives

equation 5.41.

R,y = Reysis +[RLASIS/RASIS ) (5.41)
y

2

Cos(~ 6,15 /1c)  Sin(=6115 e )]( 5

+L - R )
LowerSpine . HJC/ RASIS )xz
[— Sm(— 0117/ HIC ) Cos (“ 011, HIC )

LLJ
l-LowerSpine
OLLY HY
Xpeivis ¢ Right ASIS
HIC ¢
Zpeivis

Figure 57: Location of the lower lumbar joint with respect to the HJC and
pelvis coordinate system.

5.2.11 Upper Lumbar and Lower Neck Joint Locations

The upper lumbar joint (T12/L1, referred to as ULJ) and lower neck joint
(C7/T1, referred to as LNJ) locations were also estimated from anthropometric
measurements and target locations using methods of the ASPECT [5] program.
The ribcage was assumed to be rigid and aligned with the buck coordinate

system.
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In order to account for the thickness of the targets and skin tissues, refer
to page 64, this estimated thickness was subtracted by bringing the C7 and
sternal notch targets towards each other in both the reference and automotive

seat trials.

— Riernainorch = Rer (5.42)
IRSternalNotch - RC 7l

RChest

The new location of the C7 landmark was therefore defined by equation 5.43.

C7Actual = RC 7 + LExternaI RChest (5 -43)

Equation 5.44 gives the new location of the sternal notch landmark.

SternalN OtChActuaI = RSternalNotch - LExternal RChest (5-44)

The T8 and T12 locations of the reference file were assumed to be in the sagittal
plane of the body so a rotation of 90 degrees about the y-axis towards the
negative x-axis could be used to move these targets perpendicularly towards the

center of the body. The rotated thorax vector was then defined by equation 5.45.

R‘ _ [ COS(900) Sln%goo E][ RT8 - RT]Z J (545)
Thorax — > b |

—5in(90°) Cos(90° )|\ [Rrs - Ry

The T8 new location was given by equation 5.46.
T8 Actual = RT gt LExtemal RThorax (5.46)

The new T12 location was given by equation 5.47.

T lectuaI = RT12 + LExtemaI RThorax (5-47)
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Figure 58: Locations of lower neck and upper lumbar joints.

T8
Lower
Neck
Joint U
pper
Notch Joint
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Figure 59: Estimated locations of the lower neck and upper lumbar joints [17].

For both seat and reference trials, using the estimated actual landmark locations,

the lower neck joint (LNJ) was then calculated for the automotive seat trials.

LChest = |RStemaINotch - RC?I Xz (5.48)

The new unit vector through the chest was defined by equation 5.49.

D’ [ RStemg_INotch — RC 7 ) (5.49)
xz

Chest =
IRStemaINotch - RC 7|
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The location of the lower neck joint was given by equation 5.50.

R -R 5.50)
R =R~ + SternalNotch c7 (
LNJ C7 ( 2 A
Cos(-8°)  sin[-8°)] (5
+0.55-L \R ;
Chest [_ Sin (_ 80) COS%— 80{] ( Chest )x.

Like the HJC, the upper lumbar joint location had to be estimated from a
combination of the reference file data and the seat trial chest targets. From

reference files, the unit vector through the ribcage was given by equation 5.51.

1bcage
¢ IRTB - Rm| 'z

Rotating 94 degrees towards the front of the body [5].
Cos(-94°) 0 sin(-94°) (5:52)
Ryrs 12 =052+ Lepeg 0 1 0 'Rl’iibcage
~Sin[-94°) 0 Cos(-94°)
Equation 5.53 gives the location of the ULJ in the reference files using the
estimated defleshed targets.
Ryry =Rri2 + Ry imiz (5.53)
The thorax length and angle with respect to the upper chest targets were
assumed to remain constant since, for the purposes of this study, the ribcage
was assumed to be rigid. As shown in Figure 60 below, the length of the thorax
and the angle between the thorax and chest landmarks from the reference files

were defined with equations 5.54 and 5.55.

Liporax = IRULJ — RNy | xz (5.54)
R (5.55)
Oches: = ACos Rws =R * Rehest
\Rurs = Rows| n

77



The unit vector through the chest and thorax were again calculated in the seat

trials.
R;Jh — RSternalNotch - RC 7 (5.56)
est
IRsternainoteh = Rea| |,
3 _ [ Cos(~Ochest)  Sin(=Oches )] 5 (5.57)
Thorax — . ICh
o - Sm(_ 0Chest ) Cos (_ 0Chest ) “

The y coordinate of the ULJ was estimated as the average of the LNJ and LLJ
y-coordinates for visualization purposes. The location of the ULJ in the seat trials

was given by equation 5.58.

RULJ = RLNJ + Lﬂtorax : RThorax (5.58)

LNJ

Sternal
Notch

Figure 60: Estimation of the lower neck and upper lumbar joints.

5.2.12 Spinal Link Angles
The link between the lower neck joint and the upper lumbar joint was
referenced to vertical and referred to as the thoracic spine link angle (TSLA).

The link between the upper lumbar joint and the lower lumbar joint was
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referenced to vertical and referred to as the lumbar spine link angle (LSLA).
Finally, the link between the lower lumbar joint and the right hip joint center was
referenced to vertical and referred to as the pelvic link angle (PLA) as shown in

Figure 61 below.

Orsrq =90° — ACos (RLNJ/UU X Buck ) (5.59)
81514 = 90° — ACos(Ryrs 1115 - X puct ) (5.60)
Oprq =90° - ACOS(RLLJ/I-UC X Buck) (5.61)

Lower
neck joint

Upper
lumbar joint

Lower
lumbar joint

Right HJC

Figure 61: Spinal link angles.

79




5.2.13 Body Recline Angle

Body recline angle (BRA) is the angle between vertical and a line

connecting the sternal notch and the ASIS midpoint.

Opps = 90° — ACOS( RssernaiNotch = Ridasis ) XB . ] (5.62)

Sternal
Notch

Mid-ASIS

XBuck ¢

Figure 62: Definition of body recline angle.

5.2.14 Total Lumbar Curvature

The total lumbar curvature (TLC) was calculated as the difference
between the sum of the upper lumbar (ULA) and lower lumbar angles (LLA) in
the flat back reference seat posture to that chosen by the subject in the
automotive seats. This angle is similar to the aforementioned openness angle
that was used to examine the relative orientations of the thorax and pelvis. As

the posture of the individual in the automotive seat opens more and becomes
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erect, compared to that individual’s posture in the reference seat, this value

would increase.

Lower
neck joint

Upper
lumbar joint

Lower
lumbar joint

Right HJC

Figure 63: Total lumbar curvature.

For the upper and lower lumbar angles, the angle was taken as positive if

the lower link was more in the positive X-direction than the upper link, as shown

in Figure 63 above.
Ours = ACOS(RLNJ/UIJ 'RUU/LIJ) (5.63)
0114 = ACos (RUIJ/LIJ 'ku.//wc) (5.64)

The total lumbar curvature for the seat trial was therefore:
Orrc = (Oua + 0114 )HardSea, ~(Oyra + 0114 )Sea,rn-az (5.65)
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6. SUBJECT TESTING RESULTS

Figure 64 shows the possible test conditions as discussed on page 49.
Since 72 files for each of the 29 subjects were collected, producing a total of
2088 data files, the results were summarized and only statistical tests are
presented here. Examples of numerical values, averaged by anthropometric
groups, are listed for discussion purposes, with all averages and standard

deviations tabulated in Appendix C.
Trial 1

Tan LH (A) |- Driver Trial 2

Lumbar On Passenger Trial 1

Town & Country (B) Trial 2
Lumbar Off

Each

. BMW (thorax forward) (C-F) I ......
subject

BMW (thorax rearward) (C-R) l

Gray LH (D)

Figure 64: Possible test conditions.

The abbreviations listed in Table 12 will be used when presenting and

discussing the results.

Table 12: Abbreviations for anthropometric groups.
Abbreviation Anthropometric Group
F.5.5 Petite, light females (5%* by height, 5% by weight)
F, 50, 50 Mid-sized females (50% by height, 50% by weight)
F,5,95 Petite, ample females (5% by height, 95% by weight)
| M, 95,5 Tall, thin males (95% by height, 5% by weight)
M, 50, 50 Mid-sized males (50% by height, 50% by weight)
M, 95, 95 Tall, heavy males (95% by height, 95% by weight)

* Percentiles as defined by NATICK [3], refer to Table 8.
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| The SigmaStat program [72] was used for statistical testing. ANOVA tests
were chbsen to first examine the data groupings for normal distributions and \

equal variances.: A one-way repeated measures analysis of variance (RM-
ANOVA) test was used to examine differences within anthropometric groupings
since this test compares differences within a subject. The same test was used to
verify that there were no differences between repeated trials. Although no
differences were found in comparisons between repeated trials, all data were
treated as distinct measurements for the remaining comparisons. Cases that did
not have a normal distribution were analyzed with the repeated measures
ANOVA on Ranks; however, this situation was rare. The confidence level was
95% (alpha equal to 0.05).\ For the majority of cases, data groups were \
compared with a Tukey Tes\t~ once the RM-ANOVA test was completed. ™ |

Differences between anthropometric groupings were examined\u/sing'a
one-way analysis of variance (ANOVA) test. Again, all data sets were treated as
distinct measurements. Cases that were found to not have a normal distribution
were examined with the ANOVA on Ranks test. The confidence level was 95%
(alpha equal to 0.05). All six anthropometric groups listed above in Table 12
were compared against each other.

The results of this study have been grouped into the following sections:
seat settings, extremities, body angles, spinal link angles, head position,

procedural effects on subject positioning, and application to computer modeling.
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.1 Sel Seat Positions
Recall that the test subjects were allowed to choose the recline angle of
the backrest and the fore/aft position of the seat. Parameters related to these
settings were therefore examined to determine if the settings chosen across

subjects and seat scenarios were similar.

6.1.1 Seat Back Angle

Results of statistical testing between anthropometric groupings for the
subject selected seat back angle (SBA) are shown below in Tables 13 through
17. A total of eight (four for the Tan LH) comparisons were possible for each
seat when all cases (sedan, lumbar on, driver, etc.) were summed. Instances in
which at least half of the comparisons had statistically significant differences
have been shaded. For example, in Table 13 the comparison between tall, light
males (M, 95, 5) and tall, heavy males (M, 95, 95) revealed that three of the four
conditions had statistically significant differences in SBA between these groups.

Table 13: Occurrences of statistically significant differences in SBA for the Tan
LH seat by size groups (four possible in each group).

| Totals for Seat Tan LH| F, 50,50 | F, 5,95 | M, 95, 5 | M, 50, 50 | M, 95, 95
F.5.5 0 0 0 0 0
F, 50, 50 1 1 0 0
|F. 5,95 0 0 1
M, 95,5 0 3
M, 50, 50 0

Table 14: Occurrences of statistically significant differences in SBA for the Town
& Country seat by size groups (eight possible in each group).

Totals for Town & |F, 50,50 | F, 5,95 | M, 95,5 | M, 50,50 | M, 95, 95

Country Seat

F,5.5 1 0 0
F, 50, 50 0 0
F, 5, 95 0
M, 95
M, 50, 50

0
1
0
0

F

NOICIOIN
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Table 15: Occurrences of statistically significant differences in SBA for the BMW
seat (thorax forward) by size groups (eight possible in each group).

Totals for the BMW |F,50,50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax forward)
F,5,5 0 0 0 0 3
F, 50, 50 0 0 0 1
F, 5,95 0 0 1
M, 95, 5 0 3
M, 50, 50 0

Table 16: Occurrences of statistically significant differences in SBA for the BMW
seat (thorax rearward) by size groups (eight possible in each group).

Totals for the BMW |F,50,50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax rearward)
F,5,5 0 0 0 0 2
F, 50, 50 0 0 0 1
F, 5, 95 0 0 2
M, 95,5 0 4
M, 50, 50 2

Table 17: Occurrences of statistically significant differences in SBA for the Gray
LH seat by size groups (eight possible in each group).

| Totals for the Gray LH seat |F, 50, 50| F, 5, 95 | M, 95, 5|M, 50, 50|M, 95, 95
F,55 3 0 0 0 0
F, 50, 50 0 2 0 0
F, 5, 95 0 0 0
M, 95,5 0 0
M, 50, 50 0

Only two of the comparisons between subject groupings for the seat back
angle had at least half of the test results showing statistically significant
differences. Both of these cases were comparisons between the tall, light males
(M, 95, 5) and the tall, heavy males (M, 95, 95). For the Tan LH seat, three of
the four cases showed differences between these groups with four out of eight
cases in the BMW seat (thorax rearward). SBA averages for the Tan LH differed
by a maximum of 2 degrees for these groups. The BMW seat had a maximum

difference of 6 degrees. The trend for the Tan LH was not consistent. However,
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in the BMW seat the tall, heavy male group SBA average consistently showed a
more reclined position than that of the average SBA of the tall, light males.

Table 18 below lists the two scenarios in which statistically significant
differences were found in comparisons of the seat back angle (SBA) within each
anthropometric group. The seat back angle examined here was based on the
angle formed between the seat back targets and vertical. This angle was
correlated to the J826 manikin to provide a more standard measure acceptable
to the automotive industry. However, the J826 manikin could only be used to
measure SBA when the lumbar supports were in the off position and the thorax
support of the BMW seat was in the rearward position. The J826 manikin
correlated back angle is therefore only listed in Appendix C and was not used for
statistical testing. Cases that did not have any positive results have been omitted
from Table 18. The “lumbar position” column refers to comparisons between the
“lumbar off” and “lumbar on” test scenarios. The “Sedan / Van” column lists the
results of statistical tests comparing the subject’s response to these package
settings. Data for all tests shown below were normal and had equal variances.
Each test result shown had a maximum of 16 combinations.

Table 18: SBA statistical results (one-way RM-ANOVA).

Seats Subject Group | Lumbar Position | Sedan / Van
Tan LH, Gray LH (off) | M, 95,5 4
BMW (thorax forward) | F, 50, 50 1

The average differences between the Tan LH seat and the Gray LH
(lumbar off) seat for the tall, thin males ranged from —3 to +6 degrees of recline.
Due to the fact that a quarter of the comparisons showed differences, and the

presence of only one other statistically significant result, it was assumed that the
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differences found in the seat back angle were negligible. Refer to Appendix C for

the average and standard deviation values of SBA for each anthropometric

grouping.

6.1.2 Toebar to Hip Joint Center Horizontal Distance

The distance from the toebar to the HJC is a measure of the fore/aft

position of the pelvis in the context of the given package settings. Recall that the

subject was allowed to move the seat while the toebar was fixed. Results of

statistical testing between anthropometric groupings for horizontal distances from

the toebar to the HJC are shown below in Tables 19 through 23. Instances in

which at least half of the comparisons had statistically significant differences

have been shaded. For example, in Table 19 all four of the possible conditions

comparing the tall, light males (M, 95, 5) to the petite, ample females (F, 5, 95)

had statistically significant differences.

Table 19: Occurrences of statistically significant differences in toebar to HJC
horizontal distances for the Tan LH seat by size groups (four possible in each

roup).
Totals for the Tan LHseat | F,50,50 | F, 5,95 | M, 95,5 |M, 50, 50(M, 95, 95
F.5.5 0 0 3 1 4
F. 50, 50 2 2 0 2
F, 5,95 4 4 4
M, 95.5 0 0
M, 50, 50 2

Table 20: Occurrences of statistically significant differences in toebar to HIJC
horizontal distances for the Town & Country seat by size groups (eight possible

in each group).

| Totals for Town & Country Seat|F, 50, 50 [F, 5, 95/ M, 95, 5|M, 50, 50/M, 95, 95
F.5.5 1 0 8 1 8
F. 50. 50 1 5 0 6
F.5.95 8 4 8
M, 955 0 0
M. 50, 50 1
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Table 21: Occurrences of statistically significant differences in toebar to HJC
horizontal distances for the BMW seat (thorax forward) by size groups (eight

possible in each group).

Totals for the BMW |F, 50,50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax forward)
F.55 1 0 7 5 8
F, 50, 50 1 2 0 7
F, 5,95 8 6 8
M, 95,5 0 0
M, 50, 50 0

Table 22: Occurrences of statistically significant differences in toebar to HIC
horizontal distances for the BMW seat (thorax rearward) by size groups (eight

possible in each group).

Totals for the BMW |F, 50,50 F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax rearward)
F.,5,5 1 0 6 5 8
F, 50, 50 1 2 1 7
F, 5,95 7 7 8
M, 95,5 0 0
M, 50, 50 0

Table 23: Occurrences of statistically significant differences in toebar to HJC
horizontal distances for the Gray LH seat by size groups (eight possible in each

roup).
lgl'otals for the Gray LH|F, 50, 50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat
F,5,5 3 0 8 4 8
F, 50, 50 5 3 0 4
F, 5, 95 8 6 8
M, 95,5 1 0
M, 50, 50 3

As expected, differences in the horizontal distances from the toebar to the
HJC between subject size groupings were most often paired with differences in
the average height of the subject groups with no differences found between
subject groups of equal height. It was therefore not surprising that the tall, light
males (M, 95, 5) differed from the petite females (F, 5, 5 and F, 5, 95), but were
not different from the tall, heavy males (M, 95, 95). Refer to Table 24 for an

example of these values.
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Table 24: Toebar to HJC horizontal distance (mm) group averages for the sedan,
lumbar off, driver scenario.
Subject Seat

Group Tan | Town & BMW BMW Gray
LH | Country | (thorax (thorax LH
forward) | rearward)
F.5.5 802 774 775 776 779
F,50,50 | 829 813 847 821 824
F,5,95 780 750 762 750 747
M, 95,5 895 896 923 883 890
M, 50,50 | 850 844 890 870 841
M, 95,95 | 924 888 942 927 900

Table 25 below lists the results of statistical testing within subject groups
on the horizontal distance between the subject’s hip joint center (HJC) and the
toebar. No results are listed for the driver vs. passenger comparisons because
none of these cases produced statistically significant differences. Comparisons
in which at least half of the possible 16 cases showed differences have been
shaded. Recall that the vertical seat height was set at either the van or sedan

package.

Table 25: Toebar to HJC horizontal distance statistical results.

Seats Subject Group | Lumbar Position | Sedan / Van
Tan LH, F.5.5 1
Gray LH (off) | F, 5, 95 4
M, 95, 5 1
Town & M,95.5 6
Country M, 50, 50 13
M, 95, 95 3
BMW (thorax | F, 50, 50 1 1
forward) F,5,95 7
M, 95,5 10
M, 50, 50 3
M, 95, 95 6
BMW (thorax | F, 50, 50 1 1
rearward) M, 95, 95 7
Gray LH F.5.5 5
F,5,95 12
M, 95,5 - 2
M, 95, 95 4
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Differences in package dimensions had the most affect on the horizontal
distance between the occupant's HJC and the toebar. Subjects tended to
shorten this distance in the van package relative to the sedan package, possibly
to achieve a desired knee angle or thigh pressure. For example, the tall, thin
males in the BMW seat (thorax forward) moved closer to the toebar an average
of 43 to 48 mm from sedan to van. The fact that the average knee angle for this
group changed by 1 to 7 degrees and had no statistically significant differences
between the sedan and van package settings suggested that the subjects were

trying to maintain a particular leg position.

6.1.3 Toebar to Hip Joint Center Vertical Distance

The vertical distance from a fixed reference point, such as the toebar,
could be used to examine affects on the HJC location due to differences in tissue
thickness under the buttocks. However, no statistically significant differences
were found between anthropometric groupings for vertical distances from the
toebar to the HJC in the Tan LH, BMW (thorax rearward), or Gray LH seats.
Tables 26 and 27 list the remaining comparisons.
Table 26: Occurrences of statistically significant differences in toebar to HJC

vertical distances for the Town & Country seat by size groups (eight possible in
each group).

| Totals for Town & Country Seat|F, 50, 50 [F, 5, 95/ M, 95, 5|M, 50, 50/M, 95, 95
F.5.5 0 0 0 2 Q
F. 50, 50 0 0 3 0
F. 5,95 0 5 0
M, 95, 5 0 0
M, 50, 50 0
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Table 27: Occurrences of statistically significant differences in toebar to HIC
vertical distances for the BMW seat (thorax forward) by size groups (eight

possible in each group).
Totals for the BMW |F,50,50( F, 5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax forward)
F.5.5 0 0 0 0 0
F, 50, 50 0 0 1 0
F, 5,95 0 0 0
M, 95,5 0 0
M, 50, 50 0

The comparisons between the petite, ample females and the mid-sized
males are the only comparisons that had statistically significant differences in at
least half of the cases. The lack of more significant differences between groups
and the lack of consistency in the above results was probably due to the large
variation in estimated HJC locations.

Table 28 lists the results of statistical testing within subject groups. All
comparisons between sedan and van packages produced statistically significant
differences. This was expected since the van package added 95 mm in height to

that of the sedan, sedan/van comparisons are therefore not listed in Table 28.

Table 28: Toebar to HJC vertical distance statistical results (one-way RM-

ANOVA).
Seats Subject Group Lumbar Position | Driver / Passenger
Tan LH, Gray F.5.5 12
LH (off) F, 50, 50 11
M, 95.5 14
M, 95, 95 15
Town & Country | M, 95,5 1
BMW (thorax F.5.5 15
forward) F. 50, 50 16
M, 95,5 1
M, 50, 50 15
M, 95, 95 2
BMW (thorax E.5.5 13
rearward) F, 50, 50 2 -
M, 50, 50 14
Gray LH M.95.5 2 1
M, 95, 95 1
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Since differences found between the Tan and Gray LH seats (lumbar
position) are most likely due to differences in the placement of the manikin
between these seats, comparisons between the two will therefore not be
discussed further in this section. Table 29 lists example values of changes in the
toebar to HJC vertical distance related to changes in lumbar prominence for the
mid-sized males.

Table 29: Toebar to HJC vertical distances (mm) of mid-sized males in the
sedan, driver scenario of the BMW seat (thorax rearward).

Subject ID BMW (thorax rearward)
Lumbar Off | Lumbar On | Change (on — off)
TM21 101 122 21
T™M22 110 124 14
TM23 96 115 19
TM24 130 146 16
TM25 116 128 13

Subjects’ hip joint centers tended to be higher relative to the toebar with
the lumbar on than with the lumbar in the off position. Changes in HJC height
could be due to the subject moving forward on the upwardly sloped seat or by a
rotation of the pelvis, depending on the initial position. As with the horizontal
distance from the HJC to the toebar, the differences found in vertical distances
between driver and passenger cases were so rare that it is doubtful these

positions have any effect on position of the subject’'s HJC relative to the toebar.

6.1.4 Horizontal Pelvis Placement Relative to Seat
Two methods of examining the relationship between the location of the
subjects’ pelves and the seat were used - the horizontal distance from the

subject's HJC to the bottom recline target on the seat (further referred to as HJC-
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RecBot X), and the differences between the subject’s HJC location in each seat
and the J826 manikin's H-point location (refer to section 3.1) in the
corresponding seats. This relationship was examined since this knowledge
would be necessary for human manikin placement in computer modeling of
occupant packaging.

The horizontal and vertical distances between the J826 H-point and the
HJC of each test subject in each trial were first calculated. These offsets were
then statistically analyzed by the same methods as the other parameters. These
comparisons would determine similarities between position of humans, relative to
the J826 manikin. Results of statistical testing between anthropometric
groupings for the horizontal offset between the subject’s HJC and the J826
manikin’s H-point are given in Tables 30 through 34. The values in parentheses
are instances where the HJC-RecBot X coordinate had slightly different results.

For comparisons between the subjects and the manikin, refer to the offset
values given in Appendix C. Although the J826 manikin was designed to
represent he mid-sized male, discrepancies were found between the manikin H-
point and the mid-sized males’ HIC. These differences may be due to errors in

the estimation of the HJC location.

Table 30: Occurrences of statistically significant differences in horizontal offset
between J826 H-point and subject’'s HJC for the Tan LH seat by size groups (four
possible in each group).

| Totals for the Tan LH seat| F, 50,50 | F, 5, 95 |M, 95, 5| M, 50, 50 |M, 95, 95
F.5.5 0] 4 1 3 2
F, 50, 50 ‘ 4 1 1 1
F. 5,95 2 2 2
M, 95.5 0 0
M, 50, 50 0
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Table 31: Occurrences of statistically significant differences in horizontal offset
between J826 H-point and subject’'s HJC for the Town & Country seat by size

roups (eight possible in each group).
Totals for Town & |F,50,50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
Country Seat
F,5.5 0 8 6 8 7 (8)
F, 50, 50 8 3 3 3
F. 5,95 1 0 0
M, 95,5 0 0
M, 50, 50 0

Table 32: Occurrences of statistically significant differences in horizontal offset
between J826 H-point and subject’'s HJC for the BMW seat (thorax forward) by
size groups (eight possible in each group).

Totals for the BMW |F, 50,50 F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax forward)
|[F.5.5 0 8 0 4 0
F, 50, 50 8 0 1 0
F, 5,95 3 3 7
M, 95.5 0 0
M, 50, 50 0

Table 33: Occurrences of statistically significant differences in horizontal offset
between J826 H-point and subject’'s HJC for the BMW seat (thorax rearward) by
size groups (eight possible in each group).

Totals for the BMW |F,50,50| F,5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
seat (thorax rearward) _ _
F.5.5 0 |88 0 [«3@) - 0
F, 50, 50 2 (3) 0 0 0
F.5,95 0 0 [ 4
M. 95,5 0 0
M, 50.50 2

Table 34: Occurrences of statistically significant differences in horizontal offset
between J826 H-point and subject's HJC for the Gray LH seat by size groups

eight possible in each group).

Totals for the Gray LH seat| F, 50, 50 [F, 5, 95| M, 95, 5| M, 50, 50 |M, 95, 95
F,55 0 8 6 (7) 4 6
F, 50, 50 5(6) | 3(4) 2 3 (4)
F, 5, 95 0 0 0
M, 95,5 0 0
M, 50, 50 0

All comparisons between the petite, light females and the petite, ample

females had statistically significant differences, with the petite, light females back

further in the seat 50-60 mm. This difference was most likely due to the tissue
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thickness of the subjects, placing the HJC of the ample women further forward.
Comparisons between the petite, light women and the mid-sized males showed
differences in at least half of the cases. Other comparisons between
anthropometric groups were not consistent between seats, but differences
between either petite female group and the male groups were prevalent. These
differences were most likely due to tissue thickness and pelvis size differences.

Statistical test results within subject groups are listed in Table 35. Cases
in which either method produced statistically significant differences in at least half
of the cases have been shaded. The values in parentheses represent HJC-
RecBot X coordinate result differences.

Table 35: Horizontal offset from J826 H-point to subject's HJC statistical results
(one-way RM-ANOVA).

Seats Subject | Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
Tan LH, Gray LH (off) | E.5.5 8 (16)
F.50.50 | 9(16) | ---(11) 2
M. 95.5 7 (6)
M, 50,50 | ---(9) --- (5)
M,95.95 | 4(16) -—-(2)
Town & Country M. 95.5 --- (1)
M, 95, 95 1 - (3)
BMW (thorax forward) | F. 5. 5 10 (9)
F. 50.50 16 3 (5)
M,95.5 15 1 1
M. 50.50 | 2(12) | ---(1)
M, 95,95 | ---(1)
BMW (thorax E.5.5 12 (13)
rearward) F. 50, 50 10
F.5.95 4 (---)
M, 95,5 10 | 2(3)
M. 50,50 | ---(6)
Gray LH F.5.5 12 12 (10)
F. 50. 50 4 1
F.5.95 6 (---)
M. 95.5 1 15 (---)
M.50.50 | ---(3) --- (5)
M, 95.95 [ ---(8) ---(4)
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Each seat affected its occupants with either a change in lumbar
prominence or through a change in package dimensions. The majority of
differences in these parameters occurred in response to changes in lumbar
prominence. Changes in HJC height could be due to the subject moving forward
on the upwardly sloped seat or by a rotation of the pelvis, depending on the initial
position, which would move the HJC along an arced trajectory.

Of the cases where at least half the results were positive, moving the
lumbar support to the on position caused the subject's HJC to shift forward by
13-33, 21-37, and 12 mm for the BMW (thorax forward), BMW (thorax rearward),
and Gray LH seats, respectively. This forward shift of the HJC was most
prevalent for the petite, light females. It should be noted that the lumbar support
of the Town & Country seat did not have any significant affect on subject pelvis
locations. Refer to Tables 36 and 37 for an example of the changes observed in

group averages.

Table 36: HIC-RecBot X coordinate group averages for the sedan, driver, lumbar
off (Off) and lumbar on (On) scenarios.

Subject Group Seat
BMW (thorax | BMW (thorax Gray LH
forward) rearward)
Off On Off On Off On

F.5 5 -169 | -190 | -190 | -215 | -179 | -191
F, 50, 50 -169 | -196 | -191 -228 | -183 | -196
F, 5,95 -228 | -241 -234 | -249 | -223 | -229
M, 95,5 -184 | -207 | -209 | -233 | -209 | -222
M, 50, 50 -194 | -227 | -215 | -248 | -213 | -232
M, 95, 95 -188 | -203 | -201 -222 | -215 | -227
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Table 37: HIC-RecBot X coordinate group averages for the van, driver, lumbar

off (Off) and lumbar on (On) scenarios.

Subject Group Seat
BMW (thorax | BMW (thorax Gray LH
forward) rearward)

Off On Oftf On Off On
F.5.5 -159 | -182 | -182 | -202 | -170 | -182
F. 50, 50 -153 | -176 | -184 | -215 | -174 | -187
F.5,95 218 | -226 | -222 | -230 | -217 | -224
M, 95,5 -174 | -198 | -196 | -217 | -208 | -220
M, 50, 50 -182 | -212 | -208 | -233 | -197 | -212
M, 95,95 -180 | -196 | -189 | -208 | -204 | -216

Differences between packages may be due to differences in the
placement of the J826 manikin in these scenarios. In the Gray LH seat the
petite, light females’ and mid-size females’ hip joint centers shifted forward by 9
mm for both lumbar positions in the sedan to van comparison. The BMW seat did
not affect either of the heavy test subject groups. The Gray LH seat only
significantly affected the petite, light females and the tall, heavy males. When
referring to Appendix C offset values, recall that the positive horizontal (X) axis of
the test buck pointed rearward, a negative value for the horizontal coordinate
therefore means that the subject’'s HJC is more forward in the seat than the J826
manikin H-point. Refer to Figure 65 for an example of the offset between the

subject’s HJC and the J826 H-point.

|
+ X direction
NC
0J826 H-point
Offset'\ P

-~/

Figure 65: Offset between J826 H-point and subject HJC.
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6.1.5 Vertical Pelvis Placement Relative to Seat

In statistical testing between anthropometric groupings only one
comparison had a statistically significant difference (using both parameters) —the
mid-sized males vs. mid-sized females in the Town & Country seat for the van,
lumbar off, driver scenario. It was expected that there would be differences
between anthropometric groups simply because each subject group would have
a different tissue thickness under and behind their hip joint centers. The lack of
differences was most likely due to the large range in HJC estimated locations.

Results of statistical tests on the vertical offset between the subject's HIC
and the J826 H-point are listed below in Table 38. The values in parentheses
represent HIC-RecBot Z coordinate result differences. Less differences in the
HJC-RecBot Z coordinate results occurred due to the fact that this parameter
examines a small change in a larger number than the comparison between
subject HJC and J826 H-point does.

Table 38: Vertical offset from J826 H-point to subject’'s HJC statistical results
one-way RM-ANOVA).

Seats Subject | Lumbar | Sedan/ | Driver/
Group | Position | Van Passenger

Tan LH, Gray LH (off) | F. 5.5 16 (---) 1(--)

F,50,50 | 16 (---) 8 (--)

F, 5,95 1

M,95,5 16 (---)

M,50,50 | 16(--)

M, 95,95 | 6(-)

Town & Country F.5.5 --- 3 (--)

F, 50, 50 1 (--)

M, 95,5 14 (---)

BMW (thorax forward) | F, 5.5 14 (1) 1

F,50,50 | 16(16)

M, 50,50 | 12(16)

L M 9595| --(1)
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Table 38 (continued):

Seats Subject | Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
BMW (thorax F.5.5 15 (16)
rearward) F, 50, 50 2(2)
M, 50,50 [ 11 (14)
Gray LH F.5.5 16 (---)
F, 50, 50 16 (2)
F,5,95 2 (---)
M,95,5 9 9(2) 3(2)
M, 50, 50 7 (--)
M 95,95 | --(2) 9(--)

Differences found for the vertical offset are similar to those of the
horizontal offset, with respect to which comparisons were affected by each seat.
Refer to Table 39 for HIC-RecBot Z coordinate group averages for the sedan,
driver, lumbar off (Off) and lumbar on (On) scenarios. Subjects’ hip joint centers
tended to be higher with the lumbar on than with the lumbar in the off position,
also refer to Table 29. These upward shifts ranged from 9-13, 9-16, and 4 mm
for the BMW (thorax forward), BMW (thorax rearward), and Gray LH seats,
respectively. Changes in HJC height could be due to the subject moving forward
on the upwardly sloped seat or by a rotation of the pelvis, depending on the initial
position.

Table 39: HJC-RecBot Z coordinate group averages for the sedan, driver, lumbar
off (Off) and lumbar on (On) scenarios.

Subject Group Seat
BMW (thorax | BMW (thorax Gray LH
forward) rearward)

Off On Off On Off On

F.5.5 124 132 131 140 | 150 152
F, 50, 50 138 147 144 157 161 163
F,5.95 133 136 138 142 155 156

, 95, 123 135 131 143 152 156

124 137 128 144 157 159
126 136 135 145 155 154

===
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6.2 Extremities
6.2.1 Knee Angle

No statistically significant differences were found in the knee angle
between subject groups for the Town & Country seat or for the BMW seat. Refer
to Tables 40 and 41 for test results in the LH seats. Only the driver position was
examined so total combinations available were limited.

Table 40: Occurrences of statistically significant differences in knee angle for the
Tan LH seat by size groups (two possible in each group).

| Totals for Tan LH seat|F, 50, 50 | F, 5,95 | M, 95, 5 | M, 50, 50 | M, 95, 95
F.5.5 0 0 0 0 0
F, 50, 50 1 1 0 0
F, 5,95 0 0 0
M, 95,5 0 1
M, 50, 50 0

Table 41: Occurrences of statistically significant differences in knee angle for the

Gray LH seat by size groups (four possible in each group).

| _Totals for Town & |[F,50,50|F,5,95| M, 95, 5 | M, 50, 50 | M, 95, 95
F,5.5 1 0 1 0 0
F, 50, 50 0 1 0 0
F,5,95 0 0 0
M, 95,5 0 0
M, 50, 50 0

Since positive test results on differences between size groups were
limited, and those present lacked consistency between seats, differences in the
knee angle due to subject anthropometry were assumed negligible.

Table 42 below lists the outcomes of statistical testing on knee angles
within subject groups. No statistically significant differences were found for
comparisons between lumbar positions. The “Driver / Passenger” column lists
the results of statistical tests comparing the subject's response to these arm and

leg positions.
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Table 42: Knee angle statistical results (one-way RM-ANOVA).

Seats

Subject Group

Sedan / Van

Driver / Passenger

Tan LH,
Gray LH

(off)
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9
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The majority of differences between driver and passenger positions were
statistically significant as expected since the driver position would open the knee
angle due to the foot constrained to the toebar. However, in many cases the
subject stretched out his/her legs in the passenger position so there was not a
statistically significant difference between driver and passenger positions. This
was particularly noticeable for the large males. Changes in the average knee

angle ranged from 3 to 18 degrees, increasing from passenger to driver. The
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interesting finding here is that package variation (sedan/van) only affected the
knee angle in two comparisons. This lack of statistically significant differences
suggests that either the range of seat height tested in this study was not large
enough to affect the knee angle of the occupants, or the subjects positioned the
seat so that the knee angle was consistent. Combined with the previous results
on HJC placement, the lack of differences in knee angle supports the notion that

the subjects slid forward in the seat.

6.2.2 Knee Splay Angle
Results of statistical comparisons of the knee splay angle between subject
groups are listed in Tables 43 through 47. This parameter was only examined in

the driver position.” N

S~——

Table 43: Occurrences of statistically significant differences in knee splay angle
for the Tan LH seat by size groups (two possible in each group).

| Totals for the Tan LH seat| F, |F,5,95| M, 95,5 | M, 50, 50 | M, 95, 95
F,5,5 0 0 1 1 1
F, 50, 50 0 1 1 1
F, 5,95 1 1 0
M, 95,5 0 0
M, 50, 50 0

Table 44: Occurrences of statistically significant differences in knee splay angle
for the Town & Country seat by size groups (four possible in each group).

Totals for Town & |F, 50,50 F,5,95| M, 95,5 | M, 50, 50 | M, 95, 95
Country Seat
F.5.5 0 0 2 1 1
F, 50, 50 0 2 1 1
F.5,95 2 0 1
M, 95,5 0 0
M, 50, 50 0
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Table 45: Occurrences of statistically significant differences in knee splay angle
for the BMW (thorax forward) seat by size groups (four possible in each group).
Totals for BMW Seat |F, 50,50 |F, 5,95 M, 95,5 | M, 50, 50 | M, 95, 95
(thorax forward)
F.5.5 0 0 2
F, 50, 50 0 2
F, 5,95 2
M, 95,5
M, 50, 50

QOINININ

OO IO

Table 46: Occurrences of statistically significant differences in knee splay angle

for the BMW (thorax rearward) seat by size groups (four possible in each group).
Totals for BMW Seat |F, 50,50(F,5,95| M, 95,5 | M, 50, 50 | M, 95, 95
(thorax rearward)
F,55 0 0 0 1 1
F, 50, 50 0 2 1 2
F, 5,95 1 1 2
M, 95,5 0 0
M, 50, 50 0

Table 47: Occurrences of statistically significant differences in knee splay angle
for the Gray LH seat by size groups (four possible in each group).

Totals for the Gray |F, 50,50|F, 5,95 M, 95,5 | M, 50, 50 | M, 95, 95
Seat
F,55 0 0 2 1 1
F, 50, 50 0 2 2 2
F, 5,95 2 1 1
M, 95,5 0 0
M, 50, 50 0

It should be noted that all of the differences found between subject groupé
were when the seats were set at the sedan hei@ There was little variation
within subject groups, with all group average séléy angles ranging from 24 to 29
degrees. Although the differences found between males and females particularly
for the tall, thin males were relatively consistent, the differences found were very
small (refer to Appendix C) and were probably due to body shape differences.

Results of statistical tests within subject groups for the knee splay angle

are listed in table 48.
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Table 48: Knee splay angle statistical results (one-way RM-ANOVA).

Seats Subject | Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
TanLH, [F,5,5 11 16 3
Gray LH | F, 50, 50 8 16 6
(off) F,5,95 7 16 5
M, 50, 50 12
Town & |F,5, 4 16
Country | F, 50, 50 8 16
F,5, 95 7 16 5
M, 50, 50 12
BMW F, 5, 95 8 16
(thorax M, 50, 50 12
forward) | M, 95, 95 - 6
BMW F,5,5 4
(thorax F, 50, 50 13 16 1
rearward) | F, 5, 95 12 16
M, 50, 50 8 1
M, 95, 95 6
GrayLH [F,5, 9 16 ---
F, 50, 50 12 16
F, 5, 95 12 16
M, 50, 50 13
M, 95, 95 1

Changes in knee splay angle from lumbar off to lumbar on were within 3
degrees, and quite often were not sufficient to even produce differences in the
group averages. Knee splay angles increased from the sedan to the van
package by 2-11, 3-11, 2-12, 2-10, and 3-13 degrees for the Tan LH, Town &
Country, BMW (thorax forward), BMW (thorax rearward), and Gray LH seats,
respectively. The taller males tended to have the least amount of change. In the
sedan seat height the subjects would have had their legs reaching forward more

than in the van package, thereby reducing the splay angle of the leg.
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6.2.3 Shoe Angle

Recall that the ankle angle was referenced to the hard seat data in order
to estimate the angle that the shoe made with the floor. The shoe angle was
used in statistical testing instead of the ankle angle as it has more relevance to
automotive applications. Differences between the driver and passenger cases
were not tested since in the passenger position the subject had his/her feet flat
on the footplate. Statistical tests performed to examine differences between
subject groups had three positive results: petite, light females compared to tall,
heavy males and tall, thin males compared to tall, heavy males — both in the
Town & Country seat, and mid-sized males (M, 50, 50) compared to tall, heavy
males in the Gray LH seat. Since these results correspond to one-eighth of the
possible positive results, changes in shoe angle due to subject anthropometry
were considered negligible.

Table 49 below lists the outcomes of statistical testing on shoe angles
within subject groups. No positive results were found for any of the comparisons
between lumbar positions. Cases in which at least half of the comparisons had
statistically significant differences have been shaded.

Table 49: Shoe angle statistical results (one-way RM-ANOVA).

Seats Subject Group | Sedan / Van
Tan LH, F.5,5 2
Gray LH | F, 50, 50 4
(off) F, 5,95 7
M, 50, 50 4
M, 95, 95 2
Town & F,55 8
Country F, 50, 50 8
F,5, 95 8
M, 50, 50 7
M, 95, 95 3
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Table 49 (continued):

Seats Subject Group | Sedan / Van
BMW F,5,5 1
(thorax F, 50, 50 2
forward) F, 5, 95 2
M, 95, 95 6
BMW F.5,5 4
(thorax F, 50, 50 3
rearward) | M, 50, 50 2
M, 95, 95 1
Gray LH | F, 50, 50 2
F, 5, 95 5
M, 95, 95 2

The shaded cases listed above may be partly due to the petite females
needing an extra foot block to support their feet, as mentioned in the protocol
description. However, this would not explain why the mid-sized females had
statistically significant differences in shoe angle with changes in package
settings. The differences found may be due to the subject being more concerned
about her leg and pelvis position, and therefore sacrificing a comfortable foot
position. Average shoe angles for the females in the Town & Country seat
decreased by approximately 9 degrees from the sedan to the van position. Since
in the van package the horizontal distance between the steering wheel and the
toebar was less, the subjects may have been able to relax their lower legs more
and lower their toes in the van package. In the sedan package the shorter
subjects would have had to either stretch out their legs to reach the toebar or

have the steering wheel too close to their bodies.
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6.2.4 Elbow Angle

Refer to Tables 50 through 54 for statistical test results on the elbow angle

for comparisons between subject groups. Only the driver position was examined

so total combinations available were limited.

Table 50: Occurrences of statistically significant differences in elbow angle for

the Tan LH seat by size groups (two possible in each grou

)-

| Totals for the Tan LH seat|F, 50, 50| F, 5,95 | M, 95, 5 | M, 50, 50 | M, 95, 95
F,5,5 0 0 2 2 2
F, 50, 50 0 2 0 1
F, 5, 95 2 1 2
M, 95,5 0 0
M, 50, 50 0

Table 51: Occurrences of statistically significant differences in elbow angle for
the Town & Country seat by size groups (four possible in each group).

Totals for the Town & F,50,50 | F,5,95 | M,95,5 | M, 50,50 | M, 95,95
Country seat
F.5.5 0 0 4 3 4
F, 50, 50 0 3 0 2
F.5.95 4 0 2
M, 95,5 2 0
M, 50, 50 0

Table 52: Occurrences of statistically significant differences in elbow angle for
the BMW seat (thorax forward) by size groups (four possible in each

group).

Totals for the BMW
(thorax forward) seat

F, 50, 50

F, 5, 95

M, 95,5

M, 50, 50

M, 95, 95

F.5.5

1

0

F'

n

5,9
95

50, 50
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0
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4
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Table §3: Occurrences of statistically significant differences in elbow angle for
the BMW seat (thorax rearward) b

/ size groups (four possible in each group).

Totals for the BMW
(thorax rearward) seat

F, 50, 50

F, 5, 95

M, 95,5

M, 50, 50

M, 95, 95

F.5.5

2

3

F, 50, 50
5,95
95,5

n

50

E

0
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Table 54: Occurrences of statistically significant differences in elbow angle for
the Gray LH seat by size groups (four possible in each group).

Totals for the Gray |F, 50,50 | F,5,95 | M,95,5 | M, 50,50 | M, 95, 95
LH seat
F,55 3 0 4 4 3
F, 50, 50 0 2 0 0
F, 5,95 4 0 0
M, 95,5 1 0
M, 50, 50 0

Statistically significant differences in elbow angle were found when
comparing the petite, light females and tall, thin males with groups of the
opposite gender for all seats tested. Occasionally differences were also found
for both petite female groups compared to the remaining subject groups.

Although the dashboard was set relatively low, the petite, light females
may have had to sit close to the wheel to see over the dash, which would reduce
the distance that their arms needed to extend. There may also be differences
due to driving habits. It was noticed in testing that the males preferred to have
their arms stretched out more. The horizontal distance between the steering
wheel and the footplate could have played a role in these findings if this distance
was too large for the petite females and too short for the tall males. Table 55
lists an example of group averages for the elbow angle. These values seem to
be correlated to subject heights, although this would account for the statistically
significant differences between tall, thin males and petite, ample females, it does
not explain the differences found between petite, light females and petite, ample
females(‘f he differences found suggest that the elbow angle was dependant on

both the height and weight of the subjeéiéﬁ however, this presumption was not
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consistent between genders. Figure 66 shows an example of the subject’'s arm

positions.

Table 55: Elbow angle group averages for the sedan, lumbar off, driver scenario.
T Seat

Group Tan [ Town& [ BMW [ BMW | Gray

LH | Country | (thorax ‘ (thorax | LH

| forward) | rearward) \

F.5 56 93° 85> | 85 86° | 86°
F, 50,50 | 106° 108° 111° 103° 109°

| F, 5,95 101° 107° 98° 104° | 101°
M, 95,5 136° 141° 131° 130° [ 137°
M, 50,50 | 119° 117° 120° 116° | 114°
M, 95,95 | 129° | 128° | 124° 122° [ 121°

(a) (b) (c)
Figure 66: Example of variation in elbow angles between subject groups; (a)
subject TMO1, (b) subject TM14, (c) subject TM17.

The van versus sedan comparison for the BMW seat (thorax forward) of
the tall, thin male grouping was the only condition with any statistically significant
differences in elbow angles within subject groups. Since only one of the sixteen
combinations had a significant difference, changes in this parameter were

assumed negligible.
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6.2.5 Arm Splay Angle

During testing the arms were positioned to be out of the camera view of

the hip targets in the passenger position, therefore only the driver positions of the

arms were examined. Tables 56 through 60 list the results of statistical testing

between anthropometric groups.

Table 56: Occurrences of statistically significant differences in arm splay angle
for the Tan LH seat by size groups (two possible in each group).

[ Totals for the Tan LH seat|F, 50, 50| F, 5, 95| M, 95, 5 | M, 50, 50 | M, 95, 95
F,5,5 0 2 2 1 2
F, 50, 50 1 1 0 2
F, 5,95 0 0 0
M, 95, 5 0 0
M, 50, 50 0

Table 57: Occurrences of statistically significant differences in arm splay angle
for the Town & Country seat by size groups (four possible in each group).

Totals for the Town &| F, 50,50 | F, 5,95 | M, 95,5 | M, 50,50 | M, 95, 95
Country seat
F,5,5 0 4 4 1 4
F, 50, 50 4 4 0 3
F, 5,95 0 0 0
M, 95, 5 1 0
M, 50, 50 1

Table 58: Occurrences of statistically significant differences in arm splay angle
for the BMW seat (thorax forward) by size groups (four possible in each group).
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Totals for the BMW | F, 50,50 | F,5,95 | M, 95,5 | M, 50,50 | M, 95, 95
(thorax forward) seat
F,55 0 4 4 1 3
F, 50, 50 1 3 0 1
F, 5,95 0 0 0
M, 95, 5 0 0
M, 50, 50 0




Table 59: Occurrences of statistically significant differences in arm splay angle
for the BMW seat (thorax rearward) by size groups (four

ossible in each group).

Totals for the BMW |F,50,50| F,5,95 | M, 95,5 | M, 50,50 | M, 95, 95
(thorax rearward) seat
F,5,5 0 4 4 1 3
F, 50, 50 2 2 0 0
F, 5, 95 0 1 0
M, 95, 5 0 0
M, 50, 50 0

Table 60: Occurrences of statistically significant differences in arm splay angle
for the Gray LH seat by size groups (four possible in each group).

Totals for the Gray | F, 50,50 | F,5,95 | M, 95,5 | M, 50,50 | M, 95,95
LH seat
F,55 0 4 4 0 1
F, 50, 50 2 2 0 0
F! 5’ 95 0 1 0
M, 95,5 1 0
M, 50, 50 0

The majority of the statistically significant differences in arm splay angle

were found between the petite, light females and the mid-sized females when

compared to the petite, ample females and tall males. The petite, light females,

mid-sized females, and mid-sized males had arm splay values in the 15 to 20

degree ranges. Group averages for the petite, ample females and the tall males

were closer to 30-35 degrees.

No statistically significant differences were found within the subject

groups. Refer to Appendix C for arm splay values.

.3 Body Angl

Three measures were used for evaluating the overall spinal position. The

body recline angle (BRA) was defined as the angle between vertical and the line

connecting the sternal notch and the ASIS midpoint. The openness angle was
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defined as the sum of the thorax and pelvis angles with ninety degrees between

the thorax and pelvis measurements included. The third body angle, total lumbar

curvature (TLC), differs from the other two parameters mainly because TLC is

referenced to the flat spine position of the hard seat, refer to page 80 for a

description.

6.3.1 Body Recline Angle

No statistically significant differences were found in the comparisons

between subject groups for either thorax position of the BMW seat. The

remainder of test results for comparisons between subject groups are listed

below in Tables 61 through 63.

Table 61: Occurrences of statistically significant differences in body recline angle
for the Tan LH seat by size groups (four possible in each group).

Totals for the TanLH| F, 50,50 | F,5,95 | M,95,5 | M, 50,50 | M, 95, 95
seat
F,55 0 0 0 0 0
F, 50, 50 0 0 0 0
F, 5,95 0 0 1
M, 95,5 0 0
M, 50, 50 0

Table 62: Occurrences of statistically significant differences in body recline angle
for the Town & Country seat by size groups (eight possible in each group).
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Totals for the Town &| F, 50,50 ( F,5,95 | M, 95,5 | M, 50,50 | M, 95, 95
Country seat
F,5,5 0 0 0 0 1
F, 50, 50 0 0 0 1
F, 5, 95 0 0 4
M, 95,5 0 0
M, 50, 50 1




Table 63: Occurrences of statistically significant differences in body recline angle
for the Gray LH seat by size groups (eight possible in each group).

Totals for the Gray | F,50,50 | F,5,95| M,95,5 | M, 50,50 | M, 95,95
LH seat
F,5,5 0 0 0 1 0
F, 50, 50 0 0 0 2
F, 5, 95 0 0 1
M, 95,5 0 1
M, 50, 50 2

The comparison between petite, ample females and tall, heavy males for
the Town & Country seat was the only test set that produced positive results in at
least half of the cases. The average BRA for the tall, heavy males was less than
that of the petite, ample females by 2 to 7 degrees. The lack of statistically
significant differences supported the idea that the BRA measure is a broad
parameter to describe the relative orientation between the upper thorax and the
pelvis. This parameter does not provide any information about what happens
along the spine in between the neck and pelvis. This measure should only be
used as a general indication of overall body recline.

Table 64 below lists the results of statistical testing for the body recline
angle (BRA). Cases that did not have any positive results, such as all cases for
both of the LH seats, have been omitted from this table. Comparisons between
sedan/van packages and driver/passenger positions did not have any statistically
significant differences. These results indicated that, in general, subjects sat at
similar body reclines between test conditions, which is supported by the similar

findings for the seat back angle.
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Table 64: BRA statistical results (one-way RM-ANOVA).

Seats Subject Group | Lumbar Position
Town & Country F, 50, 50 1
BMW (thorax forward) | F,5.5 11
F, 50, 50 2
M, 95,5 10
BMW (thorax rearward) | F, 5,5 1
M, 95,5 1
M, 50, 50 5

BRA differences were not found for either heavy subject group. The only
differences found in BRA were between lumbar positions, with the BMW seat
producing almost all of the statistically significant differences in BRA, particularly
for the thorax fully forward setting. Group averages increased 1 to 6 degrees
from lumbar off to lumbar on for the statistically significant cases. In order for the
BRA value to increase, the subject would have to have his/her torso back further
than his/her pelvis. Since the SBA values did not exhibit this same change from
lumbar off to lumbar on, the subjects must have either sat in more erect postures,
or slid his/her pelvis forward in the seat with the lumbar on and leaned against

the upper backrest.

6.3.2 Openness Angle

Recall that the second measure for evaluating the overall spinal position
was the openness angle. Because the openness angle is based on the pelvis
and thorax angles, discussion on these parameters will follow. Results of
statistical testing between anthropometric groupings for openness angle are
shown below in Tables 65 through 69. A total of 8 (4 for seat Tan LH)
comparisons were possible for each seat when all cases (sedan, lumbar on,

driver, etc.) were summed.
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Table 65: Occurrences of statistically significant differences in openness angle

for the Tan LH seat by size groups (four possible in each group).
| Totals for the Tan LH seat|F, 50,50 |F, 5,95 | M, 95,5 | M, 50, 50 | M, 95, 95
F.5.5 0 4 4 0 0
F, 50, 50 4 4 0 0
F, 5,95 4 4 4
M, 95,5 4 4
M, 50, 50 0

Table 66: Occurrences of statistically significant differences in openness angle
for the Town & Country seat by size groups (eight possible in each group).

Totals for the Town & |[F, 50,50 F,5,95| M, 95,5 | M, 50, 50 | M, 95, 95
Country seat
F.5.5 0 8 8 0 2
F, 50, 50 8 8 0 0
F, 5,95 8 8 8
M, 95.5 5 2
M, 50, 50 0

Table 67: Occurrences of statistically significant differences in openness angle
for the BMW seat (thorax forward) by size groups (eight possible in each group).

Totals for the BMW seat |F,50,50|F, 5,95 M, 95,5 | M, 50, 50 | M, 95, 95
_(thorax forward)

F.5.5 0 8

8
F, 50, 50 8 8
L | 19 8

ﬂ

2l el o] le

5,95
,95,5

F:
o|wimlole

Table 68: Occurrences of statistically significant differences in openness angle
for the BMW seat (thorax rearward) by size groups (eight possible in each

roup).

Totals for the BMW seat |F,50,50|F,5,95( M, 95,5 | M, 50, 50 | M, 95, 95
(thorax rearward)

F.5.5 0 8 8

F, 50, 50 8 5

F. 5,95 8

00 00 IO 1O

M,95.5

— N 100 |— GO

M, 50, 50

Table 69: Occurrences of statistically significant differences in openness angle
for the Gray LH seat by size groups (eight possible in each group).

Totals for the Gray LH |F, 50,50|F, 5,95 M, 95, 5 | M, 50, 50 | M, 95, 95
seat
F.5.5 0 8 8 0 2
F, 50, 50 8 8 0 1
F.5.95 8 8 8
M, 95,5 | 6 2
M, 50, 50 1
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Differences in openness angle occurred when extreme weight variations

were present, such as with the majority of comparisons between the tall, thin

males and the petite, ample females. The petite, ample females were found to

have a statistically significant difference from all other groups in all possible

cases. The tall, thin males differed from the petite females in all cases, with

differences in comparisons against the mid-sized males also prevalent.

Table 70 lists the results of statistical tests performed on the openness

angle within each subject group. There were 16 possible combinations for the

comparisons listed, with the tabulated values giving the number of positive

results. The shaded regions are those instances when at least half of the

comparisons produced statistically significant differences.

Table 70: Openness angle statistical results (one-way RM-ANOVA).

Seats Subject Group | Lumbar Position | Sedan / Van | Driver / Passenger
Tan LH, 5.5 15 1
GrayLH |[F,50,50 12
(off) F, 5,95 5
M, 50, 50 10
Town& |F. 5.5 14 2
Country | F,50,50 1 11
F.5,95 1
M, 95,5 7
M, 50, 50 15 1
BMW E.5.5 13 12
(thorax F, 50, 50 2 4 —
forward) | M, 50, 50 1
M, 95, 95 1
BMW 5.5 4 2
(thorax F,5,95 7
rearward) | M, 95,5 1 1
M, 50, 50 4
M, 95, 95 4
GrayLH |F.5.5 4 16
F, 50, 50 16
F,5,95 8
M, 50, 50 14 3
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The petite, light females showed a statistically significant difference in
thirteen of the sixteen possible comparisons of lumbar on versus lumbar off for
the BMW seat with the thorax support in the forward position. For this scenario,
the group average openness angle increased by 7 to 10 degrees as lumbar
changed from off to on. This size group also had statistically significant
differences in openness angle due to lumbar support in a quarter of the cases for
the BMW seat (thorax rearward) and the Gray LH seat. These average group
increases ranged from 7 to 9 degrees for the BMW seat and 2 to 5 degrees for
the Gray LH seat. The remaining positive results for lumbar position
comparisons were considered negligible.

Statistically significant differences in openness angles were quite often
found between the van and sedan packages as shown in Table 70. Because the
seat was 95 mm higher in the van package than in the sedan package, this
difference was most likely due to a change in the pelvis angle, required to keep
the lower leg in the same position. A change in seat height would produce a
change in knee angle, leading to a change in hamstring length and thereby
changing the pelvis angle. Overall, openness angles in the van package were
found to be larger than those of the sedan package. Differences in the group
averages ranged from 4-10 degrees, 3-8 degrees, 3-10 degrees, 3-12 degrees,
and 4-10 degrees for the Tan LH, Town & Country, BMW (thorax forward), BMW
(thorax rearward), and Gray LH seats, respectively. The changes in openness
angle are potentially due to changes in the pelvis inclination that are relatable to

the tension in the hamstrings. An interesting point in this portion of the analysis
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is that the BMW seat with the thorax support in the rearward position had
relatively low occurrences of statistically significant differences compared to the
other seats. For example, the petite, light females (F, 5, 5) had 15, 14, 12, 2, and
16 positive statistical test results for the Tan LH, Town & Country, BMW (thorax
forward), BMW (thorax rearward), and Gray LH seats, respectively. The fact that
slightly fewer significant differences were found with the BMW (thorax forward)
seat than the others may have resulted from limited occupant movement due to
the thorax support pushing on the occupant. It was surprising that the BMW
(thorax rearward) seat did not have more statistically significant differences in
openness due to the test conditions. This lack of differences suggested that the
BMW (thorax rearward) seat may have placed the occupants in a satisfactory
posture that allowed access to the steering wheel, toebar, and vision task.

The occasional differences found in the driver versus passenger

comparisons were assumed negligible.

6.3.3 Pelvis Angle
Tables 71 through 75 below list the results of statistical tests between

anthropometric groups for the pelvis angle.

Table 71: Occurrences of statistically significant differences in pelvis angle for the

Tan LH seat by size groups (four possible in each group).

| Totals for the Tan LH seat|F, 50, 50 [F, 5, 95| M, 95, 5] M, 50, 50 [M, 95, 95

F.,5.5 0 3 4

F. 50, 50 3 4
4

oW

O W OIO
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Table 72: Occurrences of statistically significant differences in pelvis angle for the
Town & Country seat by size groups (eight possible in each group).
Totals for the Town & F, 50,50 |F, 5,95 M, 95, 5 M, 50, 50| M, 95, 95
Country seat
F.5.5 0 6 8
F. 50, 50 6 6
F.5,95 8
M, 95,5
M, 50, 50

- N[O IO

WO

Table 73: Occurrences of statistically significant differences in pelvis angle for the

BMW seat (thorax forward) by size groups (eight possible in each group).
Totals for the BMW seat |F, 50, 50 |F, 5, 95| M, 95, 5 M, 50, 50| M, 95, 95
(thorax forward)
F.5.5 0 6 7 6 4
F, 50, 50 6 5 1 1
F.5.95 8 8 8
M, 95,5 0 [1]
M, 50, 50 0

Table 74: Occurrences of statistically significant differences in pelvis angle for the
BMW seat (thorax rearward) by size groups (eight possible in each group).

Totals for the BMW seat |F, 50, 50|F, 5, 95| M, 95, 5|M, 50, 50|M, 95, 95
(thorax rearward)
F.5.5 0 7 8 4 2
F, 50, 50 7 5 0 1
F.5.95 8 8 8
M, 95,5 1 0
M, 50, 50 0

Table 75: Occurrences of statistically significant differences in pelvis angle for the

Gray LH seat by size groups (eight possible in each group).
| Totals for the Grav LH seat | F, 50, 50 [F, 5, 95| M, 95, 5|M, 50, 50|M, 95, 95
F.5.5 0 2 8 6 0
F, 50, 50 2 4 2 0
F, 5,95 8 8 8
M, 95,5 0 0
M, 50, 50 0

No differences were found in pelvis angle between the petite, light females
and the mid-sized females. The majority of comparisons between the tall, thin
males and all female groups had statistically significant differences. The petite,
ample females differed from the males in all but one comparison and differed

from the other females often. It is most likely that the differences found are
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related to the height and weight not being proportionate, as this would affect the

tissue thickness surrounding the pelvis. Overall, males had smaller pelvis angles

than females. This difference suggests that females tend to sit with their pelvises

more upright, with the heavier females in the most upright position. Refer to

Table 76 for an example of the pelvis angle differences found between groups.

Recall that the pelvis angle was the sagittal plane angle between horizontal and

a line connecting the right ASIS and the right HJC, refer to Figure 50. An

increase in pelvis angle indicated a forward rotation of the pelvis.

Table 76: Pelvis angle group averages in degrees for the sedan, lumbar off,
driver (D) and passenger (P) scenarios.

Subject Group Seat

TanLH | Town & | BMW (thorax | BMW (thorax | Gray LH

Country | forward) rearward)

D/ P D | P D P D P D|P
F.5.5 87 /83|86 |84 | 87 85 89 85 | 89 |85
F. 50, 50 87 /83|86 |84 87 84 89 82 | 87 |84
F.5.95 99 194 |97 |94 99 97 98 96 | 99 [ 95
M,95.5 78 |74 | 79 |77 | 81 78 81 77 | 81 |78
M. 50, 50 807680 |77 | 84 79 84 81 80 | 77
M, 95, 95 858184 81| 86 82 86 83 | 86 |83

Table 77 lists the results of statistical testing within anthropometric groups

for the pelvis angle.
Table 77: Pelvis angle statistical results (one-way RM-ANOVA).
Seats Subject Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
TanlLH, [F.5.5 16 4
Gray LH | F, 50,50 --- 16 3
(off) F,5.95 --- 16 2
M, 95.5 10
M, 50, 50 14
Town& [F. 5.5 16
Country | F.50,50 16
F,5,95 16
M, 95,5 16 6
M, 50, 50 16 4
M, 16 1
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Table 77 (continued):

Seats Subject Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
BMW F.5.5 1 16
(thorax F. 50, 50 === 14 ---
forward) F.5, 95 -=- 11 ===
M, 95,5 15 5
M, 50, 50 15 7
M, 95, 95 13 6
BMW E.5.5 4
(thorax F. 50, 50 — 7 ---
rearward) | -F.5.95 16 1
M, 95.5 13 5
M, 50, 50 14 4
M, 95, 95 13 3
GrayLH |F.5.5 === 16 2
F, 50, 50 16 6
F.5, 95 16
M, 95.5 14 2
M. 50, 50 16
M, 95, 95 16 2

Only one case (petite, light females, BMW seat - thorax forward) was
found to have a statistically significant difference between the lumbar positions
and was considered negligible.

The pelvis angle was affected by the change in package in most cases
without noticeable discrimination between subject groupings. Group averages
increased from the sedan to the van seat height by 4-10, 4-9, 3-9, 3-10, and 4-9
degrees for the Tan LH, Town & Country, BMW (thorax forward), BMW (thorax
rearward), and Gray LH, respectively. This is probably due to the difference in
seat heights as previously mentioned for the changes found in openness angle.
These findings support the idea that changes in seat height affect the pelvis
orientation, most likely through differences in tension on the hamstring muscles

that span from the knees to the hips. Recall that the pan angles of the seats
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were fixed at 13 degrees at the beginning of this study using the J826 manikin
and the seat back angle did not have any significant differences between
package settings.

Statistically significant differences were found more often for the driver
versus passenger comparison than in the openness angle where the driver
position had larger pelvis angles than the passenger position. This may have
resulted with a lowering of the knee to reach the toebar, which could move the
ASIS slightly forward. In the driver position, the occupant would also be more
alert and focused on the vision task, therefore sitting more erect with the pelvis
rotating slightly forward. The shorter subjects may have had to sit more erect to

see over the dashboard completely. Refer back to Table 76 for example values.

6.3.4 Thorax Angle
Tables 78 through 82 list the results of statistical tests on the thorax angle
between anthropometric groups.

Table 78: Occurrences of statistically significant differences in thorax angle for
the Tan LH seat by size groups (four possible in each group).

| Totals for the Tan LH seat | F, 50, 50 |F, 5, 95| M, 95, 5| M, 50, 50 |M, 95, 95
F.5.5 0 1 3 0 0
F, 50, 50 1 4 0 0
F.5.95 | 4 0 4
M, 95,5 4 0
M, 50, 50 0

Table 79: Occurrences of statistically significant differences in thorax

the Town & Country seat by size groups (eight possible in each grou

Totals for the Town & |F, 50, 50|F, 5, 95| M, 95, 5| M, 50, 50
Country seat

angle for
D).
M, 95, 95

F.5.5

0

0

“

50

L

50
5,95
95,5

50

3
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Table 80: Occurrences of statistically significant differences in thorax angle for

the BMW (thorax forward) by size groups (eight possible in each group).
Totals for the BMW seat |F, 50, 50 |F, 5, 95| M, 95, 5| M, 50, 50 |M, 95, 95
(thorax forward)
F.55 0 0 8 0 1
F, 50, 50 3 0 0 0
F.5,95 8 0 8
M, 95,5 8 0
M, 50, 50 0

Table 81: Occurrences of statistically significant differences in thorax angle for

the BMW (thorax rearward) by size groups (eight possible in each group).
Totals for the BMW seat |F, 50, 50(F, 5, 95| M, 95, 5| M, 50, 50 |M, 95, 95
(thorax rearward)
F.5.5 0 3 4 0 0
F, 50, 50 4 0 0 0
F, 5,95 8 3 6
M, 95,5 5 0
M, 50, 50 0

Table 82: Occurrences of statistically significant differences in thorax angle for
the Gray LH seat by size groups (eight possible in each group).

|Totals for the Gray LH seat|F, 50, 50 |F, 5, 95 M, 95, 5| M, 50, 50 |M, 95, 95
F,55 0 3 1 0 0
F, 50, 50 1 4 0 0
F,5,95 8 0 7
M, 95,5 4 0
M, 50, 50 1

In all cases, the petite, ample females relative to the tall, thin males had
statistically significant differences. None of the comparisons between the mid-
sized females against the petite, light females, mid-sized males or tall, heavy
males had statistically significant differences. There were also no differences
found in comparisons between petite, light females against mid-sized males or
between tall, thin males and tall, heavy males. Differences in a parameter such
as thorax angle, which is highly dependant on the mid-sternum target location,

were most likely due to weight variations of the subject and basic anatomical
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differences as shown in Figure 67 below. It is therefore recommended that a

parameter of this nature should only be used to compare differences within a

subject.

(a) (b) (c)
Figure 67: Variation in thorax angles due to subject anthropometry; (a) subject
TMO3, (b) subject TM14, (c) subject TM17.

Table 83 lists the results of statistical testing on the thorax angle data for
each subject group. No statistically significant differences were found for
comparisons between sedan and van packages or between the driver and
passenger positions.

Table 83: Thorax angle statistical results (one-way RM-ANOVA).
Seats Subject Group | Lumbar Position

BMW (thorax rearward)

It should be noted that no difference was produced in the thorax angle
when the arms were raised or lowered, as in the driver/passenger comparisons.
The BMW seat produced the majority of the statistically significant differences in

the thorax angle. The change in thorax angle due to lumbar prominence was
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most notable with the petite, light females (F, 5, 5). In the BMW seat (thorax
forward), this group had an average thorax angle of approximately 38 degrees for
lumbar off with this average increasing to 44 degrees for lumbar on, similar
values were found for this seat with the thorax in the rearward position.

Increases in the thorax angle could have been caused by the subject arching
his/her lumbar spine resulting in a rearward rotation of the thorax or pivoting at
the hips to rotate the thorax rearward. However, the HJC-RecBot X resuits,
discussed previously, suggested that this groups’ increase in thorax angle was
due to the forward shift in HIC. Refer to Appendix C for the average and

standard deviation values for each anthropometric grouping.

6.3.5 Total Lumbar Curvature

Recall that the total lumbar curvature (TLC) was calculated as the
difference between the sum of the upper lumbar (ULA) and lower lumbar (LLA)
angles in the flat back reference seat posture to that chosen by the subjects in
the automotive seats. Unlike the previous body angles, this measure is based on
the estimated internal joint locations. Upon examination of the TLC values, it
was noticed that there was large variability within each subject group. The
method of estimating the HJC and spine joint centers was further examined and
it was noticed that an offset in TLC between the reference flat back data and the
automotive seat data had developed, with different values for each subject.
Therefore, the reference data was used in both the reference and the automotive

seat calculations. The difference between the resulting TLC values for each
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subject was then considered the offset between these HJC estimation methods

and subtracted from the TLC of each automotive seat analysis. Table 84 below

lists an example of the subject TLC values before and after this modification.

Table 84: Original and modified TLC values for petite, light females (F, 5, 5) in
the Gray LH, sedan, lumbar on, passenger scenario.

Original Modified

TMO1 -26 -7
-26 -7
TMO02 4 21
3 21
TMO3 -7 -3
-4 0
TM04 5 6
4 4
TMO5 -8 -4
-4 0
Average -6 3

Standard Deviation 11.5 10.4

The method described above tightened the data slightly, with the standard

deviation reduced from 11.5 to 10.4. This alteration also produced more positive

TLC values. Although the comparative accuracy of these methods is relatively

unknown, the trends in TLC are preserved within each subject through the

various test conditions.

Tables 85 through 87 below list the results of statistical tests between

anthropometric groups. There were no statistically significant differences

between subject groups for the BMW seat.

Table 85: Occurrences of statistically significant differences in TLC for the Tan
LH seat by size groups (four possible in each group).

| Totals for the Tan LH seat |F, 50, 50| F, 5, 95 |M, 95, 5M, 50, 50|M, 95, 95
F,55 0 0 1 0
50, 50 3 0 0 0
5,95 0 1 0
M, 95,5 0 0
M, 50, 50 0
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Table 86: Occurrences of statistically significant differences in TLC for the Town
& Country seat by size groups (eight possible in each group).

Totals for the Town & |F, 50, 50 [F, 5,95 M, 95, 5| M, 50, 50 |M, 95, 95
Country seat
F,55 7 0 0 4 0
F, 50, 50 3 0 0 0
F, 5,95 0 2 0
M, 95,5 0 0
M, 50, 50 0

Table 87: Occurrences of statistically significant differences in TLC for the Gray
LH seat by size groups (eight possible in each group).

Totals for the Gray LH |F, 50, 50]F, 5, 95/ M, 95, 5| M, 50, 50 [M, 95, 95
seat
F,5,5 0 0 0 0 0
F, 50, 50 1 0 0 0
F, 5, 95 0 2 0
M, 95,5 0 0
M, 50, 50 0

Differences between TLC values for each anthropometric group were not
consistent across seats. Although it is possible that these groups were affected
by seats differently, the lack of consistency across seats suggests that there
were either no differences in TLC due to subject anthropometry or the wide
variability of TLC within each subject group precluded accurate testing between
groups. |

Table 88 lists the results of statistical testing on TLC within subject groups.

Table 88: TLC statistical results (one-way RM-ANOVA).

Seats Subject Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
TanLH, |F,5,5 8
Gray LH | F, 50, 50 12
(off) F,5,95 5
M, 95,5 2 1 3
M, 50, 50 5
M, 95, 95 2
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Table 88 (continued).

Seats Subject Lumbar | Sedan/ | Driver/
Group Position | Van Passenger
Town& |F,5,5 14
Country | F, 50, 50 14
F, 5,95 4
M, 95,5 13 2
M, 50, 50 16 1
M, 95, 95 5
BMW F,5, 9 14
(thorax F, 50, 50 6
forward) | M, 50, 50 9 2
M, 95, 95 4
BMW F, 50, 50 2
(thorax F,5, 95 1
rearward) [ M, 95, 5 9 2
M, 50, 50 4 6 2
M, 95, 95 6
GrayLH |F,5, 3 13
F, 50, 50 15
F, 5, 95 10 1
M, 95,5 13 5
M, 50, 50 16
M, 95, 95 2

The petite, light females in the BMW seat (thorax forward) had statistically
significant differences in TLC between lumbar off and lumbar on, with increases
of 1 to 14 degrees. Changes in package had the greatest affect on TLC. This is
most likely due to changes in pelvis orientation previously discussed in the
analysis of the openness and pelvis angles. Table 89 lists example values of the

changes in TLC with respect to package settings for the mid-sized males in the

Gray LH seat.
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Table 89: Changes in mid-sized male TLC between packages (van minus sedan)

of the Gray LH seat.
Lumbar Off Lumbar On
Passenger | Driver | Passenger | Driver
TM21 3 11
10 7 12 5
T™M22 15 3 9 10
13 9 6 5
T™M23 6 7 10 7
3 6 6 10
T™M24 4 7 7 0
5 5 9
TM25 7 8 6
8 8 10 7

6.4 Spinal Link Angles
6.4.1 Thoracic Spine Link Angle (TSLA)

Recall that the link between the estimated lower neck joint and the upper

lumbar joint was referenced to vertical and referred to as the thoracic spine link

angle (TSLA). Tables 90 and 91 list the results of statistical tests between

anthropometric groups for the TSLA. No differences were found between these

groups for the Tan LH, Town & Country, or the BMW (thorax rearward) seats.

Table 90: Occurrences of statistically significant differences in TSLA for the BMW

seat (thorax forward) by size g

roups (eight possible in each group).

Totals for BMW seat  |F, 50, 50| F, 5, 95 | M, 95, 5| M, 50, 50| M, 95, 95
(thorax forward)
F.55 0 5 0 0 0
F, 50, 50 2 0 0 0
F.5.95 7 3 Q
M, 95.5 0 0
M, 50, 50 0

Table 91: Occurrences of statistically significant differences in TSLA for the Gray
LH seat by size groups (eight possible in each group).

| Totals for the Gray LH seat [F, 50, 50 | F, 5, 95 | M, 95, 5|M, 50, 50| M, 95, 95
F.5.5 0 0_ 1 0 0
F, 50, 50 0 0 0 0
F, 5,95 1 0 0
M, 95,5 0 3
M, 50, 50 0
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The fact that few differences for the Gray LH, and none for the Tan LH,
Town & Country, or the BMW (thorax rearward), occurred suggested that there
were either no significant differences in behavior due to the size and shape of the
occupant or the large range in initial values of TSLA relative to actual values
limited the effectiveness of statistical tests. The BMW seat (thorax forward) may
have produced a statistically significant difference in TSLA between the petite,
ample females and the tall, thin males because with the thorax support fully
forward these groups had trouble adjusting the seat. Many subjects found the
thorax forward position particularly uncomfortable and were forced to adjust
either their position in the seat or the recline of the seat in order to tolerate this
seat setting. The subject group average seat back angle values increase by 5 to
8 degrees from the thorax rearward to the thorax forward condition. Figure 68
below illustrates the awkward position in which this seat placed many of the

subjects.

(a) (b)
Figure 68: Subject TM26 in the BMW seat (thorax forward); (a) initial position, (b)
increased recline to accommodate upper thorax position.
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Table 92 lists the results of statistical tests TSLA within each subject
group. No statistically significant differences were found for the sedan/van

comparisons.

Table 92: TSLA statistical results.

Seats Subject | Lumbar | Driver/
Group | Position | Passenger
Tan LH, Gray LH (off) | M, 95,5 2 2
BMW (thorax forward) | F, 5.5 1
F, 50, 50 3
BMW (thorax F.5.5 3
rearward) F, 50, 50 1
M, 95,5 1
M, 50, 50 2
Gray LH F.5.5 1
M, 50, 50 1

The average group values for TSLA increased by 1 to 5 degrees from
lumbar off to lumbar on. A statistically significant difference was again most
often found for the BMW seat; however, the greatest occurrence was 3 out of 16
cases, which was considered negligible. Refer to Appendix C for TSLA group

averages and standard deviations.

6.4.2 Lumbar Spine Link Angle (LSLA)

Recall that the link between the estimated upper lumbar joint and the
lower lumbar joint was referenced to vertical and referred to as lumbar spine link
angle (LSLA). Tables 93 through 97 list the results of statistical tests on the

LSLA between anthropometric groups.
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Table 93: Statistically significant differences in LSLA for the Tan LH seat by size
roups (four possible in each group).

[gTotals for the Tan LH |F, 50, 50 |F, 5, 95 M, 95, 5|M, 50, 50| M, 95, 95
seat
F,55 0 4 0 3 0
F, 50, 50 1 0 0 0
F, 5,95 1 0 3
M, 95, 5 0 0
M, 50, 50 2

Table 94: Statistically significant differences in LSLA for the Town & Country seat

by size groups (eight possible in each group).

Table 95: Statistically significant differences in LSLA for the BMW seat (thorax
forward) by size groups (eight possible in each group).

Totals for the Town & |F, 50, 50 |F, 5, 95| M, 95, 5 M, 50, 50|M, 95, 95
Country seat
F,5,5 0 8 0 1 0
F, 50, 50 8 0 0 0
F, 5, 95 3 1 5
M, 95, 5 0 0
M, 50, 50 0

seat (thorax forward)

Totals for the BMW [F, 50, 50

F,5,95

M, 95,5

M, 50, 50

M, 95, 95

0

0

Table 96: Statistically significant differences in LSLA for the BMW seat (thorax
rearward) by size groups (eight possible in each grou

0

0
0
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Totals for the BMW |F, 50, 50|F, 5, 95| M, 95, 5|M, 50, 50| M, 95, 95
seat (thorax rearward)
F,5,5 0 4 0 1 0
F, 50, 50 2 0 1 0
F, 5, 95 1 0 1
M, 95, 5 1 0
M, 50, 50 0




Table 97: Statistically significant differences in LSLA for the Gray LH seat by size

roups (eight possible in each group).
lgTotals for the Gray LH |F, 50, 50 |F, 5, 95| M, 95, 5|M, 50, 50| M, 95, 95
seat
F,55 0 8 0 6 1
F, 50, 50 0 0 0 0
F, 5,95 1 0 0
M, 95,5 0 0
M, 50, 50 0

The majority of statistically significant differences occurred between the
petite, light and petite, ample females. Although these results may suggest
differences in LSLA due to weight, no differences were found between the tall,
thin males and the tall, heavy males. The least differences were found in the
BMW seat, with practically no differences when the thorax support was in the
forward position. The petite, ample females’ PLA is smaller than the petite, light
females’ PLA but the petite, ample females had larger LSLA than the petite, light
females. This difference suggests that the petite, ample females sat with more
upright pelves.

Statistical results within subject groups for the lumbar spine link angle
(LSLA) produced only two positive cases. Both of these cases occurred in the
tall, thin male (M, 95, 5) grouping for the change in lumbar prominence of the
BMW seat with the thorax support fully forward. The small number of statistically
significant differences implies that either none of the variations addressed in this
study alter the LSLA parameter or the variability between subjects prevented

appropriate comparisons between subjects.
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6.4.3 Pelvis Link Angle (PLA)

Recall that the link between the estimated lower lumbar joint and the hip
joint center was referenced to vertical and referred to as pelvic link angle (PLA).
The changes in the pelvic link angle (PLA) were not examined as these changes
behaved essentially equal and opposite to the pelvis angle. Similar statistical
results were obtained as for the pelvis angle. The pelvis angle was chosen for
examination over the pelvis link angle because the PLA was based on multiple
joint location estimations and was more likely to have compounded errors. PLA

values are listed in Appendix C.

6.5 Head Position

The angle that the subjects’ heads deviated from having the Frankfort
plane horizontal, as in the reference files, was examined to determine if the test
scenarios altered the subjects’ sagittal head movement.

Only two cases had statistically significant head tilt results for comparisons
between subject groups. This difference occurred between the mid-sized
females and the tall, heavy males in the sedan, lumbar off, passenger and
sedan, lumbar off, driver positions for the BMW seat (thorax forward). Head Tilt
values are listed in Appendix C.

There were also only two statistically significant cases of head tilt results
for comparisons within subject groupings: one case for the lumbar comparisons
and one case for the driver/passenger comparisons of the mid-sized female (F,

50, 50) group in the BMW seat (thorax rearward). These differences were
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assumed to be negligible due to the lack of positive results and the fact that the
test subject may not have remained focused on the visual task or one of the

temple targets fell off and was not reset properly.

6.6 Procedural Effects on ject Positionin
. Once testing was begun it was noticed that the test subjects often sat
forward in the seat when the lumbar support was very prominent as shown in

Figure 69. An extra test condition was therefore added to the protocol to

examine the effects of test procedure on posture.

(a) (b)
Figure 69:Test subject positioning in the BMW; (a) subject TM08, (b) subject
T™22.

In the extra condition the subject was instructed to sit with his/her hips as
far into the seat as possible and then to adjust the fore/aft position of the seat
and the backrest recline to the most comfortable position. This extra condition
was performed in the BMW seat (thorax support full rearward) in the sedan
package with the arms and legs in the driver position. The lumbar support was
set to the full on position. A paired t-test was then used to examine any

differences between this extra condition and the corresponding standard position.
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Table 98 shows the results of this comparison, refer to Appendix C for actual

parameter values.

Table 98: Comparison of standard testing protocol to having the subject’s hips
fully against the seat.

Parameter - T-test Range of Average
Outcome Difference* Difference*
SBA -5 to +3 degrees 0 degrees
Toebar to HIC X Yes -16 to 46 mm +18 mm
Toebar to HJIC Z -10 to 9 mm -1 mm
J826 Offset X Yes -7 to 44 mm +19 mm
J826 Offset Z -11 t0 9 mm -1 mm
Knee Angle Yes -2 to 19 degrees +7 degrees
Knee Splay Angle -10 to 2 degrees -1 degree
Shoe Angle -4 to 10 degrees +2 degrees
Elbow Angle -6 to 23 degrees +3 degrees
Arm Splay Angle -4 to 6 degrees +2 degrees
BRA Yes -6 to +2 degrees -2 degrees
Openness Angle Yes -6 to +10 degrees +3 degrees
Pelvis Angle Yes -1 to +11 degrees +4 degrees
Thorax Angle -8 to +3 degrees -2 degrees
TLC -6 to 26 degrees +5 degrees
TSLA -5 to +3 degrees -1 degree
LSLA Yes -9 to +2 degrees -3 degrees
PLA Yes -11 to +1 degrees -5 degrees
Head Tilt -15to +11 degrees 1 degree
HJC-RecBot X Yes -7 to 44 mm +19 mm
HJC-RecBot Z -11 t0 9 mm -1 mm

* Differences determined by subtracting the standard data from the extra
condition data.

No statistically significant differences were found in the subject’s upper
body positions. Results of comparisons between the subject’s preferred and the
extra condition show that the HJC was back further in the seat for the extra
instructed cases. This was expected since this is precisely what the subjects
were instructed to do. Some of the subjects had to move back into the seat by

as much as 44 mm (HJC-RecBot X) in order to contact the seat back. The slight
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increase in knee angle is most likely the result of the subject moving back into
the seat but not adjusting the fore/aft position of the seat. The body recline angle
(BRA) decreased since the subjects moved their pelves back into the seat
without adjusting the seatback recline angle (SBA). This would bring the ASIS
targets on the pelvis more under the sternal notch target, reducing this angle.
The increase in pelvis angle indicates a forward rotation of the hips. This is
confirmed by the decrease in pelvis link angle (PLA). The additional decrease in
the lumbar spine link angle (LSLA) supports the expected results of a more
lordotic posture when the subject was required to sit with his/her hips fully into

the seats.

6.7 lication mputer Modelin

To simplify computer modeling of human postural responses to a seat it is
desirable to relate human posture parameters to seat factor measures available
in industry. The user could then describe a seat with particular parameters and
quickly see how each alteration would affect occupant posture. The following
figures illustrate how correlations between manikin readings and occupant
positioning could potentially be determined. Figure 70 is a plot of the ASPECT
manikin lumbar support prominence (LSP) measure against the body recline
angle of human subject testing results. Figure 71 is a plot of manikin H-point
height (sedan and van) against the subjects’ openness angles. Seat factor
measurements are currently being studied [7] to determine the appropriateness

of such comparisons.
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Petite, Light Females: BRA vs. LSP
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Figure 70: Comparison between human and manikin response to a seat.
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7. CONCLUSIONS

Several production and prototype seats have been designed to
incorporate the current information on healthy seating characteristics, particularly
with regard to lumbar support. However, it has been suggested [58] that people
may not use the available backrest and lumbar supports in accordance with the
designs. This study examined occupant posture and how it is affected by seat
and package factors for a range of subject sizes. Following is a summary and

conclusions on this study.

7.1 Summary

7.1.1 Seat Positions

Except for a few instances between subject groups, all differences were
considered negligible in comparisons of the seat back angle (SBA), meaning in
general all subjects chose similar SBA. The tall, heavy males consistently chose
slightly more reclined positions than the tall, light males. Differences within each
subject were considered negligible.

In examining relative distances from the toebar to the hip joint center
(HJC) the horizontal distance was related to the height of the subjects, which in
turn is related to the leg length and necessary leg room. Some differences were
also found between package settings, with the HJC closer to the toebar in the
higher van setting. This difference was most likely the result of the subjects’
tendency to seek particular knee angles or thigh pressures. The HJC also

moved upwards (away from toebar) from lumbar off to lumbar on. These
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changes would occur because the subjects slid forward on the upwardly sloped
seat and rotated their hips, which would increase the HJC height due to the
arced travel path of the HJC.

Differences between the HJC and a fixed reference point on the seat -
either the J826 H-point or the bottom recline target on the seat — were also
examined. It was assumed that differences between groups were due to the size
of each subject’s pelvis and the tissue surrounding it. Moving the lumbar support
to the full on position caused the subjects’ hip joint centers to shift forward, away
from the seat. The HJC also shifted slightly upward as discussed in relation to
the toebar. These results agree with the findings of Reed's study [59], using an
experimental seat, that found that an increase in lumbar prominence shifted the
occupant's HJC forward and upward. However, Reed'’s findings from two seat
positions that differed by 25 mm of lumbar prominence indicated that the HIC
had a ratio of approximately 11:3 for horizontal and vertical movement while
results of the present study indicate this ratio to be closer to 7:3. It should be
noted that these ratios are in terms of millimeters of movement and the

relationship between the prominences tested in these two studies is unknown.

7.1.2 Extremities
The elbow and arm splay angles were found to be most affected by the
driving habits of individuals and possibly the occupant’s visibility. No differences

in arm position between test conditions were found.
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The knee angle was larger for driver than passenger conditions, due to the
foot being constrained by the toebar in the driver position, thereby opening the
knee angle. The knee splay angles were larger in the van package than sedan
package. Less knee splay in the sedan package would result since the legs
reached forward more, leading to limited available positions. Differences
between subjects were considered to be due to body shape differences, although
it should be noted that all of the differences found between subject groups

occurred when the seats were set at the sedan height.

7.1.3 Body Angles

The body recline angle (BRA) is a broad measure of the relative
orientation between the thorax and pelvis and does not provide information
regarding the spine. This parameter should therefore only be used as a measure
of overall body recline, similar to the seat back angle measure of the seats. A
few differences in BRA were found between lumbar settings for the petite, light
females and the tall, thin males in the BMW seat (thorax forward). The fact that
no changes occurred in SBA, and the HJC shifted forward, indicated that with the
lumbar on, these subjects slid their hips forward in the seat and leaned back with
their torsos. The lack of many statistically significant differences in BRA
suggested that most subjects sat at similar reclines throughout the test
conditions. This lack of differences is consistent with the SBA findings.

A few changes in the petite, light females’ openness angles occurred in
response to changes in lumbar prominence. However, the majority of statistically

significant changes in openness angle occurred in response to changes in
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package dimensions, with the larger openness angles paired to the van package.
Differences in openness angle varied by subject weight. The BMW (thorax
rearward) had the least differences, which suggested that this seat may have
been satisfactory for visibility and controls reach in most test conditions.

Pelvis angles were found to depend on package settings, with the top of
the pelvis rotated more forward (larger angles) in the van package. This finding
was most likely due to changes in knee angle, hamstring length, and resuiting
pelvis orientation. Recall that the pan angle of the seat was fixed and no
differences were found in the selected SBA. Differences between subjects were
expected to have resulted from different tissue thickness on the back of the
pelvis.

Differences in thorax angles between subjects were due to weight and
anatomical differences. The petite, light females had a more reclined thorax
(larger angle) for the lumbar on, relative to the lumbar off, condition of the BMW
(thorax forward) seat. This finding resulted from these subjects sliding forward in
the seat and then leaning back.

Changes in package had the most affect on the total lumbar curvature,
possibly by altering the length of the hamstrings. The findings of more open
postures in the van package than in the sedan correlate well with Reed'’s

assumption [59] that lower seat heights would cause less lordosis.

7.1.4 Spinal Link Angles
There were practically no changes in either the thoracic spinal link angle

(TSLA) or the lumbar spinal link angle (LSLA) corresponding to any of the
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comparisons tested. Angles relative to arbitrary reference axes did not appear to
have as significant correlations to seat and package factors as measures of the
relative orientations of body segments. However, the spinal link parameters
produced values that were extremely small, with the magnitude of these values
typically smaller than the range between subjects. The estimated joint locations
used in determining the spinal link angles also had too much variation between
subjects for appropriate statistical testing. Further examination of applications of
these spinal link methods is needed to determine what factors significantly

contribute to errors in the estimations involved.

7.1.5 Protocol

Comparisons between the extra test condition, when subjects were
instructed to sit with the pelvis fully against the seat, and the subject selected
posture conditions found that body angles and pelvis orientation changed while
the thorax orientation remained constant. This combination resulted in a more
lordotic posture when the subjects had their hips fully against the seat. Itis
therefore possible to produce more seated lordosis; however, the results of
subject selected positions indicated that people would not choose lordotic

postures on their own, given the seat designs tested.

7.2 Commen

Lordotic seated postures have been shown to be healthier, less stressful,

and therefore desirable [2, 17, 48, 79]. In the current study it is unknown whether
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the subjects slid away from the lumbar supports because they were awkward, the
subjects disliked the seatback contour, or because the lumbar prominences, and
corresponding seat contours, were truly uncomfortable. Occupants may need to
be educated or trained on the proper use, and location relative to the spine, of
lumbar supports. In a future study it may be wise to train the subjects on the
proper use of a lumbar support and then perform the seat tests on a different
day, or to only use test subjects who have previously had back problems and are
familiar with lumbar support devices. Although education and experience may be
an issue, it is also likely that the method used to promote lumbar lordosis is not
the most natural match to the human body. Referring back to the principles of
the biomechanically articulated chair [45], it may be better to promote lumbar
lordosis by positioning the ribcage and pelvis, without pressing on the lumbar
spine.

The petite, light females were found to be more sensitive to the seat and
package settings than the other groups. The BMW seat also tended to produce
significantly more differences in occupant posture than the other seats. The
Town & Country lumbar support did not have a significant affect on pelvis
location; however large differences in pelvis locations were found in the LH and
BMW seats. This was surprising given the similar ASPECT manikin lumbar
support prominence readings of the Gray LH and Town & Country seats.

In Reed’s study [59] no differences were found in the tested parameters
between subject size groupings, except for the pelvis angle. Reed found that the

top of the subjects’ pelves were rotated forward an average of 10 degrees more
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for the large males than the mid-sized males. This study found a similar
difference, depending on the seat and test condition examined. However, Reed
also found this trend of pelvis rotation between the small females and the mid-
sized females; however, no significant differences were found between the pelvis
angles of these groups in the present study. The appropriateness of
comparisons between these studies is questionable since Reed grouped

subjects only by stature and the test conditions are not the same.

7.3 Future Work

Expanded seat and package factors should be examined because the
current methods using the ASPECT manikin may not be sufficient to describe the

——

seat contour‘s.\'l'he loaded, in-use contours of the seat pan and backrest should
also be examined since they are the critical factors in chair comfort [79], unlike |
the undeflected probe contours available in this stu;;\ Additional
characterizations of lumbar supports using the ASPECT manikin are currently
be:;g 7st‘u~died by Bogard [7] and need to be examined for correlations with the
subject results of the present study. Correlations between manikin
measurements and human responses would speed the design process while
limiting prototype expenses.

;\The improvement and addition of armrests would provide useful
information regarding the weight bearing capacity and postural influences of arm
support and may affect occupant responses to the rest of the seat. In the

automotive environment the driver's posture is not necessarily symmetric, as in

this study, and may produce negative impacts on occupant posture.
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,\It would be interesting to study the affects on bosture of adjustable seat
heights, particularly for the passenger, who does not normally have this option. If
a seat is too high then the occupant either doesn't have his or her feet on the
floor, which causes pressure under the thighs, or slides down in the chair so the
back is fully flexed [70]. The same problems can occur if the seat depth is too
large. Seat height is particularly important for short individuals, such as the
petite, light females in this study, because a seat that is too high may not provide

easy access to foot controls while a seat that is too low may prevent adequate

visibility over the dashboard:
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APPENDIX A

ANTHROPOMETRIC MEASUREMENTS
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Note: Identification numbers are based on NATICK [52] identifier. Modifications
to these measurements are listed after the original description. All
measurements were taken while the subject was wearing shoes, with the height
and weight also measured without shoes. Measurements denoted by ™ are at
the request of TecMath.

Standing measurements

Bispinous Breadth (ASIS/pelvic width) ™

The straight-line distance between the right and left anterior superior iliac spine
landmarks. The subject stands looking straight ahead with the heels together
and the weight distributed equally on both feet. (14)

Chest Depth

The horizontal distance between the front and back of the chest, at the level of
the mid-sternum and sternal notch. The subject stands erect looking straight
ahead. The shoulders and upper extremities are relaxed. The measurement is
taken at the maximum point of quiet respiration. (36)

*Modifications: Used mid-sternum and sternal notch levels instead of the right
bustpoint.

Chest Breadth™

The maximum horizontal breadth of the chest at the level of the right bustpoint
on women or the nipple on men. The subject stands erect looking straight ahead
with the heels together, the weight distributed evenly on both feet. The
measurement is taken at the maximum point of quiet respiration. (32)

Stature™

The vertical distance from a standing surface to the top of the head. The subject
stands erect with the head in the Frankfort plane. The heels are together with
the weight distributed equally on both feet. The shoulders and upper extremities
are relaxed. The measurement is taken at the maximum point of quiet
respiration. (99)

Trochanteric Height

The vertical distance between a standing surface and the trochanterion
landmark on the upper side of the right thigh. The subject stands erect looking
straight ahead. The heels are together with the weight distributed equally on
both feet. (107)

Pelvis Height

The vertical distance between the inter-ASIS and the pubic center. The subject
stands erect looking straight ahead.
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Hip Breadth

The horizontal distance between the lateral buttock landmarks on the sides of
the hips. The subject stands erect with the heels together and the weight
distributed equally on both feet. (65)

Waist circumference (natural indentation) ™

The horizontal circumference of the waist at the level of its natural indentation is
measured with a tape passing over right and left waist (natural indentation)
landmarks. The subject stands erect looking straight ahead. The heels are
together with the weight distributed equally on both feet. (113)

Foot Breadth ™

The maximum breadth of the right foot is measured from the right fifth-
metatarsophalangeal-protrusion landmark to the first metatarsophalangeal
protrusion. (50)

Weight™
The weight of the subject is taken to the nearest half pound. (124)

Seated measurements

Acromial Height, Seated

The vertical distance between a sitting surface and the acromion landmark on
the tip of the right shoulder. The subject sits erect looking straight ahead. The
shoulders and upper arms are relaxed and the forearms and hands are extended
forward horizontally with the palms facing each other. The measurement is
made at the maximum point of quiet respiration. (3)

Acromial-Humeral Length

The distance between the acromion landmark on the tip of the right shoulder and
the humeral landmark on the right elbow. The subject sits erect. The shoulders
and upper extremities are relaxed with the forearms and hands extended forward
horizontally with the palms facing each other. (4)

Biacromial Breadth

The distance between the right and left acromion landmarks at the tips of the
shoulders. The subject sits erect. The shoulders and upper arms are relaxed
and the forearms and hands are extended forward horizontally with the palms
facing each other. The measurement is taken at the maximum point of quiet
respiration. (10)

Buttock-Knee (Front) Length™

The horizontal distance between the most posterior point on either buttock and
the anterior point of the right knee. The subject sits erect. The thighs are
parallel and the knees flexed 90 degrees with the feet in line with the thighs.
(26)
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Hip Breadth, Seated

The distance between the lateral points of the hips or thighs (whichever are
broader) is measured. The subject sits erect with the feet and knees together.
(66)

Cervicale Height, Seated

The vertical distance between a sitting surface and the cervicale (C7) landmark
on the spine at the base of the neck. The subject sits erect looking straight
ahead. The thighs are parallel and the knees are flexed 90 degrees. The
measurement is taken at the maximum point of quiet respiration. (31)

Forearm-Hand Length

The horizontal distance between the back of the right humeral landmark of the
elbow to the ulnar condyle of the wrist. The subject sits erect with the upper
arms hanging at the sides and the right elbow flexed 90 degrees. The hand is
held out straight with the palm facing forward. (54)

*Modification: Used humeral landmark and wrist instead of tip of elbow and tip of
middle finger.

Forearm Circumference

The circumference of the flexed forearm is measured in a plane perpendicular to
the long axis of the forearm. The subject stands with the upper arm extended
forward horizontally, the elbow flexed 90 degrees, and the fist tightly clenched
and held facing the head. (52)

Lateral Femoral Epicondyle Height

The vertical distance between a footrest surface and the lateral-femoral-
epicondyle landmark on the outside of the right knee. The subject sits erect with
the heels together and the weight distributed equally on both feet. (74)
*Modification: This measurement was taken while the subject was seated instead
of standing.

Lateral Malleolus Height

The vertical distance between a footrest surface and the lateral malleolus
landmark on the right ankle. The subject sits erect with the heels together and
the weight distributed equally on both feet. (75)

*Modification: This measurement was taken while the subject was seated instead
of standing.

Knee Height, Seated™

The vertical distance from a footrest surface to the suprapatella landmark at the
top of the right knee. The subject sits with the thighs parallel, the feet in line with
the thighs, and the knees flexed 90 degrees. (73)
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Height, Seated ™

The vertical distance between a sitting surface and the top of the head. The
subject sits erect with the head in the Frankfort plane. The thighs are parallel
and the knees are flexed 90 degrees with the feet in line with the thighs. The
measurement is made at the maximum point of quiet respiration. (93)

T12 Height

The vertical distance between a sitting surface and the T12 landmark of the
spine. The subject sits erect looking straight ahead. The shoulders and upper
arms are relaxed and the forearms and hands are extended forward horizontally
with the palms facing each other. The thighs are parallel and the knees are
flexed 90 degrees. The measurement is taken at the maximum point of quiet
respiration. (A1)

S1 Height

The vertical distance between a sitting surface and the S1 landmark of the
spine. The subject sits erect looking straight ahead. The shoulders and upper
arms are relaxed and the forearms and hands are extended forward horizontally
with the palms facing each other. The thighs are parallel and the knees are
flexed 90 degrees. The measurement is taken at the maximum point of quiet
respiration. (A2)

Pelvic Depth (ASIS to PSIS)

The horizontal distance between the anterior superior iliac spine and the
posterior superior iliac spine landmarks. The subject sits erect looking straight
ahead. (A3)

Frontal Arm Reach
The horizontal distance between the acromion landmark and the tip of the
middle finger. The subject sits erect with the arms fully extended forward. (A4)

Tragion Height

The vertical distance between a sitting surface and the tragion landmark of the
right ear. The subject sits erect with the head in the Frankfort plane. The
shoulders and upper arms are relaxed and the forearms and hands are extended
forward horizontally with the palms facing each other. The thighs are parallel
and the knees are flexed 90 degrees. The measurement is taken at the
maximum point of quiet respiration. (A5)

Head Breadth
The maximum horizontal breadth of the head above the attachment of the ears is
measured. (60)
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Head Length
The distance from the glabella landmark between the browridges to the posterior
point on the back of the head is measured. (62)

Head Height
The distance from the highest point of the head to the bottom of the chin is
measured. (A6)

Additional Landmarks (not measured)

Infraorbitale

The undepressed skin surface point obtained by palpating the most inferior
margin of the eye socket.

Tragion

Undepressed skin surface point obtained by palpating the most anterior margin
of the cartilaginous notch just superior to the tragius. Of the ear (located at the
upper edge of the external auditory meatus).
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Standing Measurements

Figure 71: Standing anthropometric measurements. (a) trochanteric height, (b)
bispinous breadth, (c) chest depth, (d) waist circumference, (e) hip breadth, (f)
forearm-hand length.
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(a) (b)
Figure 72: Standing anthropometric measurements, (a) foot breadth, (b) chest
breadth.

Seated Measurements

(a) (b) (c)
Figure 73: Seated anthropometric measurements, (a) biacromial breadth, (b) hip
breadth, (c) C7, T12, and S1 heights.
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(b) ()

LS
(d) (f)
Figure 74. Seated anthropometric measurements, (a) heights of the shoulder,
head, and knee, (b) leg lengths, (c) ankle height, (d) forearm circumference, (e)
and (f) head dimensions.
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APPENDIX B
SEAT TARGETING
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Figure 75: Targeting of Seat A (Tan LH).
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Figure 76: Targeting of Seat B (Chrysler Town & Country).
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Figure 77: Targeting of Seat C (BMW 7 Series).
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