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ABSTRACT

Objective: To develop a new sitting spina
model and an optimal driver’'s seat by using
review of the literature of seated positions of
the head, spine, pelvis, and lower extremities.

Data Selection: Searches included MED-
LINE for scientific journals, engineering
standards, and textbooks. Key terms included
sitting ergonomics, sitting posture, spine model,
seat design, sitting lordosis, sitting electromyogra-
phy, seated vibration, and sitting and biomechanics.

Data Synthesis: In part I, papers were selected if (1) they con-
tained afirst occurrence of asitting topic, (2) were reviews of
the literature, (3) corrected errorsin previous studies, or (4) had
improved study designs compared with previous papers. In part
11, we separated information pertaining to sitting dynamics and
drivers of automobiles from part I.

Results: Sitting causes the pelvis to rotate backward and caus-
es reduction in lumbar lordosis, trunk-thigh angle, and knee
angle and an increase in muscle effort and disc pressure. Seated
posture is affected by seat-back angle, seat-bottom angle and

Sitting Biomechanics Part I: Review of the Literature

Donald D. Harrison, DC, PhD,2 Sanghak O. Harrison, DC,2 Arthur C. Croft, DC,P Deed E.
Harrison, DC,¢ and Stephan J. Troyanovich, DCY

foam density, height above floor, and presence
of armrests.

Conclusion: The configuration of the spine,

postural position, and weight transfer is dif-

ferent in the 3 types of sitting: anterior, mid-

dle, and posterior. Lumbar lordosis is affect-

ed by the trunk-thigh angle and the knee

angle. Subjects in seats with backrest inclina-

tions of 110 to 130 degrees, with concomitant

lumbar support, have the lowest disc pressures

and lowest electromyography recordings from

spinal muscles. A seat-bottom posterior inclination of 5

degrees and armrests can further reduce lumbar disc pressures

and electromyography readings while seated. To reduce forward

trandated head postures, a seat-back inclination of 110 degrees

is preferable over higher inclinations. Work objects, such as

video monitors, are optimum at eye level. Forward-tilting, seat-

bottom inclines can increase lordosis, but subjects give high

comfort ratings to adjustable chairs, which allow changesin
position. (J Manipulative Physiol Ther 1999;22:594-609)

Key Indexing Terms: Sitting; Biomechanics; Lordosis, Ergo-
nomics; Spine; Model; Vibration; Posture; Chair Design

INTRODUCTION

Because of avoid in the literature, an automotive engi-
neering corporation requested that the authors determine an
optimal sitting spinal model of a driver and an optimal dri-
ver's seat. To complete these two objectives, the state of the
current knowledge concerning chair design and sitting
ergonomics in the work place (office and factory) and in
automobiles was reviewed. Part | of thisreview concentrates
on sitting in the work place. Sitting dynamics (vibration) and
sitting of driverswill be discussed in part 1.

Becausefew studiesexist for sittinginthedriver'sseat of an
automobile compared with sitting in the work place, the pur-
poseof part | istoreview sitting ergonomic principlesthat will
be applied to automobile seats presented in part 11. Key words
used in MEDLINE searches were sitting ergonomics, sitting
posture, spinemodel, seat design, sitting lordosis, sitting elec-
tromyography, vibration, and sitting and biomechanics.

@Chiropractic BioPhysics Nonprofit, Inc, Harvest, Ala.

bSpine Research Ingtitute of San Diego, Calif.
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Discussion

The concepts of ideal sitting posture have along history in
the literature, especially in the German literature. In 1884,
Staffel* wrote the standard for the sitting position that was
quoted later by Fick,? Strasser,® and Schede.* By 1929,
Drescher® had already designed seats for Siemens factories
that had adjustable backrests and seat bottoms with rounded
front edges to reduce pressure on the under-thigh region. In
1948, Akerbloom® provided a review of sitting principles
from the period 1853-1947.

Keegan, in 19537 and again in 1962,8 wrote a comprehen-
sive evaluation of seats and sitting while discussing degener-
ation and herniation of lower lumbar discs. He” obtained | at-
eral radiographs of the lumbar spine of his subjects in a
variety of positions, including standing, squatting, bending,
and sitting in different chairs. In 1966, Knutsson et al® had
an interesting review in the first part of their article on elec-
tromyographic evaluation of the sacrospinal muscles during
sitting. In 1971, Kroemer® reviewed the footrests, office
equipment, consoles, work benches, and machine standsin
factories and office settings.

Seated posture has also been of interest in Sweden. In
1970, Nachemson and Elfstrom*! inserted pressure sensors
into the discs of live subjects (4 subjects) and showed that
sitting posture caused a higher disc pressure than standing or
lying. Andersson et al1?16 wrote a series of articles on elec-



tromyographic measurements and disc pressure during seat-
ed postures, including office chairs, wheel chairs, and dri-
ver's seats.

In 1980, the Society of Automobile Engineers'” wrote a
manual covering all aspects of car seats, both front and rear.
Williams et al® presented a more recent review of sitting
and pain and reported that lordosis is preferred over kypho-
sis. In a review done especially for automobile seats,
Fubini®® wrote a synopsis of safety, comfort, adaptability,
practicality, solidity, and suitability.

In the late 1800s and early 1900s, several design items
were identified. Very early, Parow?® and von Meyer? con-
cluded that the ischial tuberosities were the chief points of
support in the sitting position because of posterior pelvic
rotation. Von Meyer?'2? stated that spinal ligaments were
not in tension while sitting and that a support is required to
give lumbar relaxation. He noted that straight-back chairs
did not give support to the spinal column. In 1884, Staffel’s
designed chair! had alumbar support and a space under this
support for the buttocks to slide backward to effect some
forward rotation of the pelvis.

The debate about what constitutes a normal position of
the lumbar spine during sitting (kyphosis or lordosis)
occurred as early as 1911. Fick? thought that the spine
should be “ventriflexed,” whereas Staffel* suggested that the
lumbar curve in sitting should be as close as possible to its
form in the standing position.

Some of the issues (or variables) studied before 1950
included the following: (1) seat-bottom height, (2) seat-bot-
tom incline, (3) seat-bottom contour, (4) seat-bottom width,
(5) seat-bottom length, (6) seat-back tilt inclination, (7) seat-
back lumbar support, (8) seat-back height, (9) table and desk
height, (10) the correct sitting posture, (11) muscle activity
while seated, (12) thigh angle to trunk, (13) knee angle, and
(14) footrest position.

Fig 1 illustrates some of these ideas, which Keegan® sug-
gested for seat design, and these are numbered from most
important to least important.

Before Snijders et al,>® Fick? and von Meyer?? discussed
sitting with crossed legs. Before Marumoto et al,>* Spitzy?®
and Schede* discussed table height and near sightedness
while sitting. Before Lord et al?® and Keegan,® von Meyer??
and Staffel* had written about loss of lumbar lordosis from
standing to sitting. Before Coleman et al?” and Keegan,®
Staffel had incorporated lumbar supports on his designed
chairs. Before Hooton?® and Floyd and Roberts,?® Staffel*
discussed table heights for adults and children while sitting.
Before Reinecke et al*° presented lumbar support motion as
a“new” strategy, Hertzberg®® had designed a pulsating seat
cushion and lumbar support for the US Air Force.

Let us next examine normal standing posture. Because
humans are the only species on earth with an upright stance,
al dynamics (after rising from alying position) are changes
from an upright posture. Thus such movements as walking,
squatting, climbing, and sitting can be described as changes
from the upright position. Therefore normal upright posture
must be defined before sitting changes are described.

Journal of Manipulative and Physiological Therapeutics
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Fig 1. Keegan's’ 1953 list of important aspects of seat design: 1,
lumbar support; 2, minimum 105-degree tilt angle of backrest; 3,
open space for posteriorly projecting sacrum and buttocks; 4, con-
vex thoracic support with height to lower scapulae; 5, shoulder
support at 105 degrees; 6, any adjustable tilt of seat back pivoted
on apointinlinewith the hip joints; 7, maximum length of seat bot-
tom (16 in); 8, seat-bottom height above floor (16 in); 9, seat bot-
tom curved down under back of knees; 10, free space for feet under
seat bottom; and 11, upward tilt of seat bottom of 5 degrees for
maintenance of back against back support.

Normal Standing Procedure

The details of sitting posture require more than just a def-
inition of upright human posture. Although posture align-
ment is of vital importance, posture provides few details of
the inside spinal alignment. Because the positions of indi-
vidual vertebrae are desired for a sitting spinal model, anor-
mal upright spinal model is required to discuss spinal
changes occurring in the sitting posture. Thus after dis-
cussing normal upright posture, a normal spinal model will
be reviewed.

Postural control is a fundamental but complex motor
function, which is involved in nearly every motor task.
Different theories have been developed to explain the neural
organization required for sitting, standing, breathing, and
movement.3? Electromyographic studies have been per-
formed on infants to follow the evolution of sitting to stand-
ing posture.33

All authors of postural studies represent the anteroposteri-
or view of upright stance as atrue vertical alignment of cen-
ters of mass (Fig 2, A). However, in the lateral view, thereis
debate about which anatomic structures are aligned to a ver-
tical gravity line (Fig 2, B-D). Normal standing posture has
been defined as perfect alignment of the ear, shoulder, hip,
knee, and ankle (Fig 2, B).3* In 1985, Woodhull et al®® stated
that good standing posture is often idealized®® and that stud-
ies®-4! reporting the average standing posture indicate that
the body center of gravity liesslightly anterior to the talus of
the ankle (Fig 2, C). For different ideal posture, K apandji*?
stated that the posterior parts of the head, back, and buttocks
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A B

C D

Fig 2. Standing postural alignment. The anteroposterior view depicts the vertical align-
ment of the body centers of mass and vertebrae in A. The literature agrees on this
anteroposterior view alignment. There is disagreement among the idealized alignments
inthelateral view (B and D) and the averages of measured human alignment in the | at-
eral view (C). Compared with the ideal posture (B), the average posture (C) has anteri-
or head translation and anterior pelvic tranglation.
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Fig 3. Belytschko and Privitzer’s® sitting spinal model devel oped
for the Air Force. Note that the pelvisis rotated posteriorly, but the
head and rib cage remain in the alignment found in the ideal stand-
ing position.

should be vertically aligned (Fig 2, D). Thus, asin spinal
modeling, there is debate concerning the use of an ideal nor-
mal position versus an average normal position.

The validity of restoring normal posture as aclinical out-
come*®44 and reliability of measuring posture has been

established.*>*” Even though ideal posture has been
described in the literature for more than ahundred years, the
alignment of the vertebrae in the lateral view cannot be
determined from posture.*&-%0

Average spinal alignment in the sagittal view has been
determined from numerous radiographic studies. Spinal
modeling, although determining some guidelines of align-
ment during impact simulations, has often used the align-
ment determined from one human subject instead of using
equilibrium equations or an average from alarge population
of subjects. To develop normal alignment of the cervical lor-
dosis, thoracic kyphosis, lumbar lordosis, and pelvic tilt,
spinal modeling and lateral radiographic studies will be
reviewed.

Spinal Modeling and Spinal Alignment

Spinal modeling began in the 1950s to explain spinal
injuries to ejected Air Force pilots.>! In 1984, King®?
reviewed the use of biomechanical models for studying
muscul oskeletal biomechanics. In 1987, Yoganandan et a3
reviewed the types of spinal models in the biomechanics lit-
erature, including the following: (1) anthropometric, (2) dis-
crete parameter, (3) continuous elastic, and (4) finite ele-
ment (FEM). After the description of locations of centers of
mass for various body parts by Clauser et al,>* Belytschiko
and Privitzer®® published a complete 3-dimensional spinal
model with invivo and in vitro validation. Theirs was a seat-
ed model with posterior pelvic rotation to simulate the
forces on pilots who were subjected to seat pyrotechnic
gections. Fig 3 illustrates this model. They concluded that



the spinal alignment must be atrue vertical in the anteropos-
terior view, have lordotic cervical and lumbar curvaturesin
the lateral view, and be without any anterior head translation
or posterior thoracic trandlation.

Another early spinal model was described by Schultz and
Galante.> For the anteroposterior spina aignment, Schultz
and Miller®"® stated that “the spine is approximately
straight when viewed frontally because each vertebra and
disc is approximately symmetric about the sagittal plane.” In
1991, Schultz®® stated that “ one advantage of using amathe-
matical rather than a physical model isthat changes are easy
to make in amathematical model.” In the |ateral view for the
cervical spine, such changes could be the inclusion of spe-
cific angles for average cervical lordosis. For example, a
mean of 23 degrees was reported for Ruth Jackson’s stress
lines on C2 compared with C7.5° Ruth Jackson's stress lines
are examples of posterior tangents at C2 and C7. The angle
formed by these tangents at C2 and C7 istermed an absolute
rotation angle (ARA).

In 1996, Yoganandan et al®* reviewed the use of FEM
models of the cervical spine. They state that “the finite ele-
ment method is an invaluable application tool that can sup-
plement experimental research in understanding the clinical
biomechanics of the spine.” An FEM can be described as
dividing an object of interest into small geometric shapes
(eg, tetrahedrons), thereby creating a 3-dimensional mesh.
Each of these geometric shapes (elements) can be assigned
appropriate mechanical (material) properties, which have
been established from experiments. These models can then
be subjected to nearly limitless experimental conditions by
means of software interface and can closely approximate
stresses, strains, deflections, bending moments, and shears.
For example, at the lowa Spine Institute, Goel et al253 now
have a complete spine FEM with pelvisand ribs.

In 1996, while presenting a simple geometric cervical
spine model as anormal standard and as an initial starting
position, Harrison et al® noted that “ considering all these
models, a rigorously defined normal, static position is
encountered rarely.” Using the posterior tangent line analy-
sisat C2 and C7, Harrison et al %5 presented validation of a
circular sagittal cervical model with an average ARA of 34
degrees and an ideal ARA of 42 degrees. They also present-
ed average relative rotation values for each pair of cervical
vertebrae from alarge population of 400 subjects.®* For the
thoracic kyphosis, nearly identical means were reported for
all the segmental angles (relative rotation angles [RRAS]),
and an overall thoracic kyphosis mean value was reported as
an ARA of 40 degrees from T1 to T12.5869

For the lumbar lordosisin a 1997 study, Troyanovich et
al™ compared results from 7 separate standing lateral lum-
bar studies (n = 552). They found that a fundamental lumbar
lordosis existed across a large range of age groups. Average
segmental RRAS, ARASs, Cobb angles, Ferguson angles,
arcuate angles, and Z-axis translations for T12 to S1 were
determined for the lumbar spine.”® While refining the
Harrison spinal model, the sagittal lumbar lordosis was suc-
cessfully modeled with an 85-degree portion of an ellipse
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Fig 4. Harrison geometric mode! with circular arcsfor the cervical
and thoracic curvatures and an elliptic arc for the lumbar spine.
Normal average and normal ideal values for these angles can be
found in Harrison et al.”®

withan L1to L5ARA of 40 degreesand aT12 to S1 Cabb
angle of 65 degrees.”"?

The Harrison spinal model provides qualitative normals
(geometric shapes are cervical circular arc, thoracic circular
arc, and lumbar elliptical arc) and tables of quantitative nor-
mal sets of valuesfor the cervical lordosis and lumbar lordo-
sis.”® With these normals, diagnosis of spina displacement
on radiographs is possible. Fig 4 illustrates this Harrison
geometric model with end-of-curve measurements on the
base of the posterior tangent radiographic method at C2 to
C7,T3toT10,andL1toL5.

The elliptical shape of the lumbar lordosis might lead one
to design an elliptical-shaped lumbar support. However,
Mosner et a4 failed to find any significant differencesin
lordotic radiographic appearance between black and white
persons, even though there are entirely different lateral low
back skin contours present during physical examination.
With normal qualitative and quantitative values for standing
posture, we are now able to describe what happens to a
human in the seated posture, which are described as changes
from standing.

Biomechanics of Seated Postures

Previously, alist of design aspects affecting seated pos-
ture was given. These items affect seated posturein different
ways. Before determining how a sitting human’s posture
will be changed, it is convenient to categorize seated posture
by location of the center of gravity.
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Fig 5. Schoberth’sthree sitting categories on the basis of center of gravity location. The vector
Rs represents the reaction force through the seat bottom. Rg is the reaction force from the
ground at the feet. CG, Center of gravity of the body mass above the pelvis.

SUBJECT 1l

J.K.

Fig 6. In 1953, Keegan radiographed subjects in different sitting,
standing, and lying postures. Reprinted with permission: Keegan JJ.
Alterations of the lumbar curve related to posture and seating. Re-
printed with permission from JBone Joint Surg 1953; 35-A: 589-603.

In 1962, Schoberth defined 3 different sitting postures
on the basis of the location of the center of gravity of the
body and the proportion of body weight transmitted to the
floor by the feet. Schoberth termed these 3 sitting postures
as anterior, middle, and posterior. He noted that these 3 pos-

tures also differed with respect to the shape of the lumbar
spine. He showed radiographically that his subjects posteri-
orly rotated their pelvises 40 degrees on average during tran-
sition of standing to sitting.

In the middle position (Fig 5, C), the center of gravity is
above the ischial tuberosities, and the feet transmit about
25% of the body weight to the floor. In sitting in arelaxed
middle position, the lumbar spine is either straight or in
dlight kyphosis. The anterior position can be obtained from
the middle position either by aforward rotation of the pelvis
(Fig 5, B) or by creating a kyphosis of the spine by flexing
without much rotation of the pelvis (Fig 5, A). In this anteri-
or position the center of gravity isin front of the ischial
tuberosities, and the feet transmit more than 25% of the
body weight to the floor. In the posterior position (Fig 5, D)
the center of gravity is above or behind the ischial tuberosi-
ties, and less than 25% of the body weight is transmitted by
the feet. This position is obtained by extension rotation of
the pelvis and simultaneous kyphosis of the spine.

Before Schoberth’s’ sitting categories were published,
Keegan’ radiographed a small number of subjects (only 4) in
various standing and sitting postures to determine changes
in the lumbar spinein the lateral view. He traced the posteri-
or vertebral bodies on each radiograph and then superim-
posed the sacrums of all tracings to create a composite tem-
plate. Fig 6, A-P, shows the positions radiographed and
resulting variations in the lumbar spine. Note that Fig 6, F,
G, L, and N, aretypes of posterior sitting; Figs6, I, J, and M,
are examples of middle sitting; and Fig 6, O, is a type of
anterior sitting.

From other lateral tracings, Keegan derived arelationship
between lordosis and thigh-trunk angle. He radiographed his
subjectsin the lateral recumbent position while varying only
the thigh-trunk angle. Fig 7 shows that as the thigh-trunk
angleis reduced from 200 to 50 degrees, the pelvis rotates
posteriorly, and the lumbar lordosis becomes kyphotic.
Keegan discovered that the length (he hypothesized tension)
in the anterior and posterior thigh muscles accounted for the
effects of thigh-trunk flexion and extension. In Fig 7 the
anterior and posterior thigh muscles are darkened to show
their attachments. Fig 7 also shows how tension in these
muscles will pull on the pelvis. He determined that the 135-



degree thigh-trunk angle was a neutral position for tension
in the thigh muscles. He believed that tension in the anterior
thigh muscles (and psoas) in standing accentuated the lum-
bar curve. He thought that, beside the lever arm for posterior
pelvic rotation caused by sitting on the ischial tuberosities,
the tension in the posterior thigh muscles played alargerole
in posterior rotation of the pelvis and reduction of the lum-
bar lordosis.

In arecent study with 109 subjects, Lord et al”® measured
the changes in lumbar lordosis between standing and sitting
posture. The sitting posture was upright middle posture with
90-degree thigh-trunk angle and 90-degree knee angle; the
feet were made to rest on the floor by adjusting the height of
the seat. By using a Cobb angle from the top of L1 to the top
of S1, the mean standing lordosis of 49 degrees was reduced
to 34 degrees in the seated posture.

In another recent study, Yasukouchi and Isayama’” mea-
sured lumbar lordosis and pelvic rotation of 20 male sub-
jectsin standing and 3 different middle sitting postures. The
3 sitting postures were based on thigh-trunk angles of 120,
90, and 60 degrees, which were obtained by changing the
height of the seat bottom above the floor. To obtain the 120-
degree thigh-trunk angle, they also had to incline the seat
bottom forward. Additionally, they varied the knee angle at
60, 90, and 120 degreesin the two thigh-trunk postures of 60
and 90 degrees. Instead of radiographs, an inclinometer was
used for lumbar lordosis. Taped skin markers were used on
the armpits, iliocristale, trochanter major, and lateral epi-
condyle for thigh-trunk angle. Also, instead of radiographs
for pelvic tilt, skin markers on the trochanter major and
iliocristale were photographed and compared with a vertical
line. They concluded that pelvic tilt was caused by different
hip extensors to an extent dependent on changing the thigh-
trunk and knee angles. Because skin markers are somewhat
inaccurate because of elasticity of the stretching skin, their
results may be less valid than radiographic studies. How-
ever, several investigators’”"° have reported that lumbar lor-
dosiswas affected by the knee flexion angle.

In another recent study without radiographic measure-
ments, Black et al® used a Metrecom, a 3-dimensional com-
puterized digitizer, to mark the palpated points of the (1)
anterior nasal spine, (2) mastoid process, (3) spinous
process of T1, (4) palpation-derived body of T4, (5)
suprasternal notch, (6) spinous process of L1, (7) spinous
process of S2, and (8) anterior-superior iliac spine. They
studied 3 different sitting postures: (1) middle sitting
slumped, (2) middle sitting erect, and (3) anterior sitting
with only pelvic rotation. Although trying to separate upper
and lower cervical spine movements, they modeled the cer-
vical spine as 3 rigid bodies: head, neck, and base of the cer-
vical spine. The degree of lumbar lordosis was assessed by
using a Cybex 320 electronic digital inclinometer. They
used intraclass coefficients with repeated measures to show
their method was repeatable; al intraclass coefficients were
greater than 0.65 except head inclination, which was 0.48.
Because of elasticity of the stretching skin and the use of
palpation, their results are not as valid as those obtained in
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SUBJECT IV WFE

Fig 7. Effectsof altering the thigh-trunk anglein the lateral recum-
bent posture. Reprinted with permission: Keegan JJ. Alterations of
the lumbar curve related to posture and seating. Reprinted with
permission from J Bone Joint Surg 1953; 35-A:589-603.

radiographic studies, but they claimed that flexion in the
lumbar spine was accompanied by extension in the cervical
spine, while the head orientation remained fairly constant.

Effects of Seat Design

Bendix and Biering-Sorensen®? studied the effects of seat-
bottom inclination on 10 subjects. They studied 4 positions
of the seat bottom: (1) level, (2) 5-degree forward inclina-
tion, (3) 10-degree forward inclination, and (4) 15-degree
forward inclination. They used an inclinometer to measure
the distances between 4 points marked with a Speed marker:
(1) asacral point near the spinous process of S2, (2) alum-
bar point near the L1 spinous process, (3) athoracic point
near the spinous process of T4, and (4) the external occipital
protuberance. The height of the chair was adjusted to keep
the subjects’ thighs horizontal and lower legs vertical. They
observed their subjects for 1 hour of sitting in “acomfort-
able position with elbows placed on the table,” which was
provided. They noted an increase in lumbar lordosis with a
forward increase in seat incline, and they hypothesized 3
possible ways of adapting the body to a forward-tilting seat
bottom. Fig 8 illustrates these positions. Because their sub-
jects’ lumbar angles showed a 4-degree increase, these
authors suggested that the position in Fig 8, B, occurred.
Subjects rated the O- and 5-degree inclines as most comfort-
able after 1 hour of sitting while reading. This study and
other studies examining longer sitting periods confirm fre-
quent leg crossing in seated subjects.81-83

Theincline or slope of seat bottoms has been a subject of
debate for more than 100 years. In 1884, Staffell recom-
mended a forward slope. Other profiles, such as level and
backward slopes, have been suggested.8+8 In Akerbloom’s
classictext,® he suggested 3to 5 degrees of backward incline,
which was actualy proposed by Schulthess®” in 1905. By
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Fig 8. Hypothesized 3 possible waysto sit on inclined seats. Bendix
and Biering-Sorensen®? determined that position A could not occur
fromtheir data and that position B was how their subjects adapted
to forward-inclining seat bottoms.

1958, Floyd and Roberts?® suggested that the slope of the seat
bottom should be changed to fit the job requirements. The
horizontal seat allowsfreedom of movement, while the back-
ward slope tends to move the subject against the backrest and
lumbar support.

In 1953, Keegan’ noted that seat-bottom height, when too
high above the floor, could cause shorter people to have dan-
gling legs. This position causes compression stresses on the
soft tissues of the posterior thigh and becomes uncomfort-
ablein ashort period of time. Thus a short person sitting on
achair that is too high for him or her will soon sit on the
edge of the chair and negate any seat-bottom incline or any
lumbar support.

This situation can occur when the seat-bottom length is
too long (seat depth).2%8488 The shorter person will not slide
back against the backrest because of pressure at the posteri-
or knee area. The minimum width is from trochanter to
trochanter to allow support for the ischial tuberosities.?%8°

Table 1. Summary of seat-back inclination before 1972

Author Year Suggested seat-back angle
Schulthess®” 1905 100-105 degrees
Schede* 1935 Individual minimum=*
Lay and Fisher® 1940 111-117 degrees
Morant% 1947 110 degreesfor aert pilots, 110-125
degreesfor rest position
Kroemer®© 1971 90-120 degree rangein review article

*When subject began to rest against the back support.

The maximum width would be to accommodate overweight
subjects. The range of seat width and length in most refer-
ences were between 35 and 40 cm for both dimensions.®

Seat-bottom contour has also been discussed in the litera-
ture. Various contour shapes have been proposed, including
saddle-shape, molded to fit the buttocks, and sloping valley
posteriorly. Attempts to conform the seat to the thighs have
proved unsuccessful, and a flat surface has been suggested
as optimal .8 The pressure zones on flat seats were deter-
mined by viewing a naked person sitting on a glass plane or
by using powder on a naked person to check for sitting
impression.®* Others®>** have studied the pressures under
theischial tuberosities and thighsin sitting. Brienza et al**
presented their seating system structure, which has a support
surface of vertical elements arranged in an 11 x 12 array.
These elements depress linearly by the amount of pressure
applied, thus forming a pressure distribution with measured
values.

In 1962, Swearingen et a% studied the supporting struc-
tures for 104 subjects. The body weight is supported by 8%
of the seat area under the ischia, which carries 64.8% of the
weight. They observed that the remaining 35.2% is borne by
the combination of footrests (18.4%), armrests (12.4%), and
a backrest (4.4%) at 105 degrees. They believed that the
small amount of weight carried by the backrest indicated
that stability was achieved here, although not necessarily
relaxation of the muscles.

The classic texts and review article by Akerbloom,®
Keegan,”® and Kroemer® presented reviews of the topic of
seat-back design. Table 148587.90.96 symmarizes the recom-
mended setback inclinations from 90 to 125 degrees. Seat-
back height ranged from the inferior of the shoulder blades
to the top of the shoulders. In Keegan's 1962 text,® he pre-
sented arating system for evaluating 36 seats ranging from
church benchesto car and truck seats. He stated that manu-
facturers were ignoring ergonomic research on seat designs,
and that seat-back incline research and lumbar support
research were not being applied for the public comfort.

Kroemer® also discussed use of alumbar support pad.
Most references recommended a lumbar support in the
range (3-5 cm) suggested by Akerbloom in 1948.% Majeske
and Buchanan®” investigated changes in the angular posi-
tions of the forearm, upper arm, pelvis, trunk, neck, and
head in middle relaxed sitting with and without a lumbar
support. Photographs of data markers placed on the sub-
jects' skin were measured with a protractor. They claimed
the various joint angles were more normal in sitting with a



lumbar support. They also noted areduction in anterior head
carriage with a lumbar support. In 1991, Williams et al1®
studied 210 subjects with pain while sitting randomly
assigned to kyphotic sitting or sitting with alumbar support.
When sitting with alumbar support, their subjects reported
significantly reduced low back pain and reduced referred leg
pain. An increase in pain for kyphotic sitting subjects was
found.

In 1971, Kroemer® also suggested armrests depending on
the ergonomic requirements of the sitter. If free mobility of
the trunk, shoulders, and arms was required, then armrests
might be a hindrance. Otherwise, adjustable armrests are
helpful in changing positions and for decreasing the load on
the spinal column.

Before 1970, head restraints are not discussed. Especially
in automobile impact research, head restraints were
designed to reduce extension strains during whiplash.
Recently, posterior head translation strains were considered
amajor factor in whiplash.%

The reader may have noticed that we have presented ahis-
tory of seat design up to about 1970, with only afew refer-
ences that are recent, and thus we have not yet presented the
advancements in the past 30 years. In the later 1960s and
early 1970s, a shift in research methods took place. Before
1970, most sitting “research” was (1) theoretical and based
on the mechanical ideas of the particular authors, (2) based
on the comments of comfort of the subjects, (3) based on the
observed reactions of the subjects studied, (4) based on
anthropometric averages of populations,®*® and/or (5) based
on radiographic studies. Around 1970, 3 types of methods
began to help the researcher sift through the multitude of
personal opinions about sitting.

In the later 1960s, ergonomists began to develop comfort
rating methods, which were made better with reliability and
validity studies. In the 1960s, electromyographic studies of
muscle activity in different posturesbegan to appear. In 1970,
Nachemson and Elfstrom** published their famous study on
internal pressuresin the intervertebral disc in various sitting
and standing postures. They inserted needle electrodes into
the lumbar discs (usually L3-L4) of live subjects. Many peo-
ple believe that Nachemson and Elfstrom only studied disc
pressureinlying, standing, and sitting, and that sitting caused
the greatest disc pressure. However, they studied 17 body po-
sitions, including somein lifting weights. Fig 9 is from their
study and illustrates |oads on the discs in various positions.

In the cervical and lumbar areas, the annulus of the discis
wedge shaped, being thicker and higher anteriorly than pos-
teriorly.200-102 Measurements of disc pressure in vivo and in
vitro have established lordosis in the cervical and lumbar
areas as the normal configuration.?31%4 On the basis of in
vitro studies, the pressure in the nucleus has been deter-
mined to be approximately 50% higher than that found dur-
ing any externally applied vertical load when two adjacent
vertebral bodies are parallel and much less than that found
when in the normal, slightly extended position.1:193.104 Ay
shift in load from vertical creates a concomitant myoelectric
activity, which increases the load on the disc.'* When stand-
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Fig 9. Results of Nachemson and Elfstrom’s 1970 study.** Mean
changein load (%) compared with standing values.

ing erect, the normal vertebral column is straight in the
anteroposterior aspect and curved in the lateral aspect; there
isacervical lordosis, athoracic kyphosis, and a lumbar lor-
dosis.*? Thus some additional scientific information became
available for later studies (1970-1998) to determine optimal
seat designs and optimal seated positions for different
ergonomic reguirements.

Optimal Seated Posture

Akerbloom® used electromyography to demonstrate that
the support of the lumbar spinein seated posture is sufficient
to rest the back muscles. In other early studies with elec-
tromyography in sitting, Lundervold studied typists in
19511% and 1958.1%

In 1954, Basmgjian and Bentzon,'” and in 1958, Basma-
jian'%8 studied muscles of the thigh, leg, foot, and the ilio-
psoas during standing posture. In 1955, Floyd and Silverl®
studied themyoel ectric patterns of the erector spinaein stand-
ing posture. In a series of myoelectric studies in standing,
Joseph and Nightingale,1%-112 Joseph et al,**2 and Joseph and
Williams™# investigated hip, thigh, and leg muscles.

In 1961, Carlsoo*® examined muscles of the lower leg,
thigh, hip, abdominal region, and neck inthe standing posture
with electromyography and then compared these readings
with amultitude of abnormal posturesand working positions.

One of the earliest studies of sitting posture with elec-
tromyography to determine an optimal seat-back incline and
size of lumbar support pad was by Knutsson et al® in 1966.
They studied 4 groups of subjects: normal subjects (n = 20),
subjects with back pain without radiographic findings (n =
10), subjects with back pain with minor radiographic
changes (n = 10), and subjects with back pain with severe
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Fig 11. Myoelectric amplitude reduces with increase in seat-back
incline.

radiographic findings of disc degeneration and spondylosis
(n = 10). They studied middle sitting with two seat-back
inclines of 100 and 110 degrees while varying the lumbar
support pad at 0, 1, 2, and 3 cm. Patients sat against the seat
back with knees at a 90-degree angle and hands resting on
thighs. The electromyography readings favored a 110-
degree seat-back incline and 1 to 2 cm of lumbar support,
except for the severely degenerated patients who favored the
100-degreeinclineand 1 to 2 cm of support.

Many of the later studies of electromyography in sitting
combined disc internal pressure and muscle activity. In a
series of articlesin 1974 combining disc internal pressure

Effects of Lumbar Support: -2cm,0cm,+2cm,+4cm

0.3 -T T T T —

0.2

g 0.1
o
2
g o
a
2
3o
E -2
-02 .
z
0
L y +2
0.3 +4

-01480 85 90 95 100 105 110 115 120 125 130
Backrest Inclination (degrees)

Fig 12. Average values of normalized disc pressure (at 0.51 mPa)

reduces with seat back incline and increasing horizontal lumbar

support.

and muscle activity, Andersson et al1?5 studied sitting in an
experimental chair, sitting at awork table, sitting in awheel-
chair, and sitting in an automobile seat. The 4 parameters
studied were backrest inclination, seat-bottom inclination,
lumbar support (height and amount of horizontal travel), and
(upper) thoracic support. Andersson et al studied standing, 7
unsupported sitting positions, and supported sitting pos-
tures. They found that internal disc pressure was consider-
ably higher in unsupported sitting than in standing. Increase
in backrest inclination and increase in lumbar support was
associated with a decrease in disc pressure in supported sit-
ting. Myoelectrical activity was approximately the same for
standing and relaxed unsupported sitting. For electromyo-
graphic readings, the highest level of activity occurred in
anterior sitting, and the lowest occurred in posterior sitting.
To obtain low values of both electromyographic readings
and disc pressure, the authors stated that the backrest should
be inclined to at least 100 degrees. Fig 10 shows disc pres-
sure in the standing position and in their 7 unsupported sit-
ting positions. Fig 11 shows their results of decreasing myo-
electric activity with backrest inclination, whereas Figs 12
and 13 show decreasing disc pressure with seat-back incli-
nation and the effects of support (lumbar support, thoracic
support, and seat-bottom backward incline), respectively.

In 1974, Andersson et al'4 studied the effect of armrests
on disc pressure and myoelectric activity. They found that
the use of armrests further reduced the disc pressure and the
myoelectric activity in the trapezius muscles. If armrests are
too high, the subject must elevate the shoulders and abduct
the arms.*16 |f the armrests are too low, the subject must
slide the buttocks forward or lean forward to use them. If the
armrests are too far laterally, increased abduction of the
arms and increased inward rotation of the humerus occurs.
Fig 14 illustrates lower disc pressure, with changesin seat-
back inclination, when using armrests compared with arms
hanging.
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Lumbar Lordosis versus Kyhosis in Seated Posture

The vast mgjority of authors have favored alordotic lum-
bar spine, whereas a few!'’-1° have advocated a flexed pos-
ture when sitting. The electromyographic studies and disc
pressure studies just reviewed proved that flexion of the
lumbar spine while seated caused an increase in load on the
muscles and discs, whereas a lordotic posture greatly
reduced these pressures. Still, in 1983, the flexed position
while seated was promoted by Adams and Hutton.*”

Adams and Hutton''” loaded cadaveric lumbar motion
segments for 4 hours, with some segments in flexion and
somein extension. Flexed discslost more fluid, especially in
the nucleus pulposus. They concluded that fluid flow in
flexed postures can aid the nutrition of the lumbar discs.
Adams and Hutton seemed to discount the fact that it might
be disadvantageous to lose fluid rapidly from the discin a
prolonged flexed posture.

In 1988, Dolan et al*® studied 11 subjects in different
postures, including standing and sitting, with surface elec-
tromyography. They measured the lumbar lordosis with
electronic inclinometers. Their results confirmed data from
previous studies that all sitting postures reduced the lumbar
lordosis and increased electromyographic readings. They
also noted that compressive forces on the apophyseal joints
are reduced in flexed postures. They claimed that “people
want to reduce the lumbar lordosis whenever possible, even
at the expense of increasing back muscle activity.” They
appear to be influenced by a 1965 study on primitive peoples
by Fahrni and Trueman.*'°

In 1965, Fahrni and Trueman®® claimed that the inci-
dence of lumbar disc disease was very low in people who
habitually sit or squat in positions that greatly flex the lum-
bar spine. Although Fahrni and Trueman promoted squatting
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with feet flat on the ground, Keegan (Fig 6, H) had shown
that squatting on the toes was associated with very good lor-
dosis compared with most sitting positions. Fahrni and
Trueman also neglected the idea that primitive peoples are
generally more active, not overweight, in better physical
condition, nonsmokers, and do not sit for prolonged periods
as do modern people.

Finally, in the 1990s, Adams and colleagues began to re-
verse their minority-held opinion about sitting flexed pos-
tures being desirablein their published worksin 1995'2° and
1996.%%* In a 1995 review of lumbar spine mechanics, they
stated that the only known loading condition to cause poste-
rior disc prolapse involved prolonged forward bending (flex-
ion) with compression and lateral bending. In 1996, they
noted in their review of the literature that the ability of the
disc to act as a hydrostatic cushion depends on the high wa-
ter content of these tissues, especially the nucleus pul posus.

The discerning reader realized that Adams and Hutton's
1983 study*'” had shown high water content loss in flexed
postures and that they'** may be about to reverse their mi-
nority position on flexion. They also noted that stress con-
centrations in the posterior annulus caused by prolonged
flexion might be acommon cause of pain from thedisc. They
noted that as the disc creeped under sustained loading, a
small lossof fluid led to alarge dropin pressure, and the com-
pression load was transferred to the middle to outer annulus
instead of the nucleus and inner annulus. They noted that the
posterior annulusis affected most becauseit isthe narrowest
part of the disc and least able to sustain large compressive
strains. This situation would occur on rising after prolonged
flexion. They also note that these stress concentration peaks
in the outer annulus can account for the observed collapse of
the inner annulus into the nucleus and that this is caused by
creep-related water loss from the nucleus.

In 1996, they wrote the following: “Pain originating from
either of these mechanisms would be expected to increase
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Fig 15. Center of mass and neutral resting head posture. Vital and Senegas!?® found
that suspension will result in the nasion-opisthion reference line becoming horizontal
(A and B). Vital and Senegas located the center of gravity of the head at the midpoint of
the nasion-inion line, just posterior to the sella turcica (C). Vital and Senegas claim a
comfortable gaze angleis declined 30 degrees to the nasion-opisthion reference line,

when it ishorizontal (D).

during the course of a day, especially in an individual who
had spent a considerable amount of time with his lumbar
spine flexed, so that disc creep would have been unchecked
by the apophyseal joints. Thiswould explain why prolonged
automobile driving is so closely associated with back pain
and disc prolapse” .1

In 1997, Hedman and Fernie'?? studied anterior column
forces and articular facet forces in the lumbar spine during
sitting. They attempted to determine the relationship
between seated forces and the mechanical responsesin lum-
bar tissues. They loaded whole lumbar spines (L1-S1) in
two postures, flexed and extended. Their results suggested a
mechanism of force balancing in lordotic postures under sta-
tic loads, whereas flexed postures produced large increases
in the tensile forces in the posterior annulus.

Thus after 1996 the literature agrees that sitting with a
lordotic lumbar spine is the preferred position. We now
focus our attention on head and neck position.

Forward Head Position

From biomechanical'®® and epidemiologic studies, 12412
strainson the cervical spinein thesitting position appeared to
berelated to increased forward inclination of the head. A for-
ward position of the head can occur from anterior tranglation,
forward flexion (x-axisrotation), or acombination of both. To
understand forces on the cervical spinein sitting, it is neces-

sary to review the cervical coupling patternsfor anterior head
translation and forward flexion. Also, the position of the cen-
ter of gravity of the head will be important for discussing
forcesonthecervical spineinvarioussitting positions.

The location of the center of gravity of the head has been
debated. Dempster??s used volumetry to study the center of
gravity of the head in 1955. Using only two cadavers,
Biraune and Fischer'?” |ocated the center of gravity of the
head behind the sella turcica. Clauser et al> presented a
thorough review of the literature for various body part cen-
ters of massin 1969, with center of mass of the head located
at the sellaturcica. In 1986, Vital and Senegas'?® used a sus-
pension technique to locate the head center of gravity of 6
cadavers “behind the sella turcica, above and slightly in
front of the external auditory meatus.”

They claimed that the nasion-opisthion reference lineis
the true normal orientation of the head because suspension
makesthisline horizontal (Fig 15). They determined that the
center of gravity isthe midpoint of the nasion-inion line (Fig
15, C). They also claimed that when the nasion-opisthion
lineis horizontal, it causes a 30-degree declined gaze posi-
tion, which is formed by a perpendicular line to the orbits
(Fig 15, D) and that this 30-degree declined position is rec-
ommended by ergonomists as a good working position.

In 1952, Kendall et al*® described forward head posture as
the external auditory meatus positioned anterior to a vertical



postural line through the center of the shoulder joint.
Patients seen in pain clinics frequently have postural
faults.3> Anterior head translation is one of these common
postural positions,12%130

Determination of anterior head translation is clinically
reliable. 131132 |n 1995, Haughie et al33 showed that com-
puter-terminal workers, who had more pain than their
coworkers, had more anterior head translation, less range of
motion in extension, and more medical visits.

Many physical problems have been associated with for-
ward head posture, including the following: (1) increase of
upper cervical curvature (C1-C4); (2) decrease in lower cer-
vical curvature (C5-T1); (3) ateration of the upper thoracic
kyphosis; (4) protraction, elevation, and downward rotation
of the scapulae; (5) internal rotation of the humeri; and (6)
elevation of the first and second ribs. 134137

Penning, in 197838 and 1995,1%° was the first to describe
changes in cervical lordosis with anterior-posterior head
translation. He reported that the upper segments (C1-C4)
extended while the lower cervical vertebrae (C5-T1) flexed
in anterior head translation. Hanten et al“¢ have measured
resting head posture and total head excursion, which isfor-
ward and backward head movement in translation, in 218
adults. For men, the average head excursion was 11.4 cm,
and for women, it was 10.0 cm.

Eklund et al**° investigated head posturein drivers of fork
lifts, trucks, forestry machines, and cranes. They determined
that head axial rotation was a frequent cause of pain in these
workers and that forward head postures and forward body
positions occurred in bad lighting conditions.

Flexion of the cervical spine has been studied by many
investigators and recently by Dvorak et al.*4* Loss of cervi-
cal lordosis occurs in flexion, which causes increased disc
pressure and increased electromyographic readings in the
cervical musculature. However, the most important effect is
tension on the cervical spinal cord, brain stem, and nerve
roots.'¥? Flexion is often found in desk workers and
typists.1® Fig 16 illustrates attempts by ergonomists to
reduce back and neck stress with tilting seat bottoms and
tilting stands for reading materials. However, this position
still results in neck flexion. It will be shown in alater sec-
tion that this is a common problem for drivers of auto-
mobiles.

Consensus by Comfort Ratings

It isinteresting to note that carefully designed ergonomic
chairs are often rejected by subjects in the workplace. In
1997, Christiansen'* stated that “sitting comfort, a state of
physical well-being, is a personal sensation.” The feeling of
comfort cannot be measured directly, and often it has been
deduced from 3 principles: (1) the fit of the chair to the sub-
ject’s body type, (2) the subject’s performance or behavior
while seated, and (3) the subject’s assessment of his or her
state of comfort (or discomfort). Although the electromyo-
graphic, disc-pressure, and radiographic studies previously
mentioned are examples of item 2, much research has gone
into items 1 and 3.
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Fig 16. Ergonomic chairs and reading material stands reduce but
do not eliminate neck flexion.

Body size and shape has been a topic of ergonomic
research for 100 years. Before adjustable chairs, work chairs
were made to fit the 50th percentile in body size. For an
example of body dimensional research in 1997, Greil4°
studied 42,000 Germans, aged from birth to 70 years.
Percentiles of trunk-cephalic height, trunk length, depth of
lower trunk, maximum sitting breadth, vertical thigh diame-
ter, lower leg and foot length, backrest-heel distance, and
additive arm length were presented by sex, age, and type of
body shape.

In each category (items 1-3) there are researchers who
are adamant that their particular assessment for proper sit-
ting posture is the best. For example, in 1969, Shackel et
al146 stated that “a further and conclusive reason for our
concentrating upon subjective measures is inherent in the
context of studying chair comfort in relation to individual
users choosing for themselves, namely the ultimate criteri-
on must be the subjective judgment of arepresentative sam-
ple of users”

Comfort ratings come in a variety of methods.#6-148 For
amodern statistical analysis, Helander and Zhang'#° studied
comfort and discomfort i nsitting. Genaidy and K arwowski*°
presented a review of constrained body postures and devia-
tionsfrom the neutral posture over along period while work-
ing. These postures have been associated with discomfort,
pain, disc degeneration, highrisk of arthritis, inflammation of
tendon sheaths, muscle spasms, and general pain.

People generally avoid static positions for prolonged peri-
ods by frequently moving while standing and sitting. In
1967, Branton and Grayson'® observed that people fre-
guently change positions while waiting at train stations.
They noted that certain postures (eg, leg crossing) occur sig-
nificantly more often and for longer durations. In 1969,
Branton®>2 provided areview of 45,000 sitting observations,
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including time-lapse films, and concluded that chairs must
allow for changes in position. Branton pointed out that this
frequent movement of sittersisnot just an “urge to move”
but that certain postures occur more frequently for specific
types of chairs and for tall versus short people. Branton
noted that, by speeding up time-lapse films of sitters, certain
sequences of postural changes occurred at least 12 to 16
times during 5-hour periods.

Branton*® categorized sitting postures into 4 groups,
which were described as follows: (1) minimal support de-
rived from seat (3.3% of time, 3 minutesin duration); (2) full
back support from seat and armrests (49.5% of time, 15 min-
utes in duration); (3) slumped. with some support from seat
and armrests (23.4% of time, 11 minutesin duration); and (4)
all other postures (23.8%, 5 minutes in duration). He noted
that peopl e often need to extend their legs and crosstheir an-
kles, which appeared to be astabilizing position for the pelvis
similar to crossing the knees. Change of position is thought
to reduce ischemia of the tissues, but then the long duration
of certain postures is unexplained.

In general, our cited references published before 1950*
are opinion papers based on the best estimates of ergonom-
ics, biomechanics, and observations. However, most of the
references on posture®?-36:3%-50 and spinal modeling®74 have
reliability, validity, precise engineering measurements,
and/or clinical datawith statistics. The studies on sitting bio-
mechanics,”>8! seat design,82-83.90-104 and optimal seated
posture©5-116 are mostly recent articles with multiple sub-
jectsand clinical statistics with electromyographic data. The
articles cited for lumbar lordosis versus kyphosisin the seat-
ed position?t?:118.120-122 haye biomechanical measurements
in laboratories, whereas the citations on forward head pos-
turet?3143 gre large population clinical studies or random-
ized clinical trials. The studies on comfort ratings in sitting
positions are based on patient questionnaires with statistical
evaluations.

CONCLUSION

Sitting biomechanics has a long history in the literature.
Posture and lower extremity positions have been reviewed
here with the neglect of upper extremity positions, which
can be found in the ergonomics literature. Since 1970, elec-
tromyography and disc-pressure studies have settled some
debates about the ideal sitting position. Oftentimes, the the-
oretic ideal chair and sitting position are not preferred by
subjects’ comfort ratings.

Lumbar supports, armrests, seat-back inclination, freedom
to move, freedom to cross the knees or ankles, adjustable
heights of chairs, curved anterior seat bottom to reduce pres-
sure on the popliteal area, and minimal anterior translation
and/or flexion of the head have been shown to reduce sitting
stress and to be associated with higher comfort ratings. By
using electromyographic results and internal disc pressures,
the optimum seat-back angle appears to be 120 degrees from
horizontal, whereas the seat-bottom optimum appears to be

*References 1-6, 20-22, 25, 28, 37, 38, 84-89, 96.

approximately 0 to 10 degrees posteriorly inclined. The lum-
bar support optimum appears to be 5 cm of protrusion from
the seat back. The seat height should belessthan the distance
from knee to feet to eliminate pressure on the posterior
popliteal area. The special subject of optimal seating in acar
seat will be the subject of part I of thisreview.
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