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Abstract

The pressure distribution and the location of the points @timum pressure, usu-
ally below the ischial tuberosities, was measured for sibjsitting on a flat, hard
and horizontal support, and varying angle of the rotatiothefpelvis. The pressure
data were analyzed for force- and pressure-related giesntiultiple regression was
applied to explore relationships between these quantitids(i) a set of body charac-
teristics, and (i) the pelvis rotation. The maximum preesand the pressure gradient
were mainly explained by the ectomorphic index, and thexdist between the maxi-

mum pressure points by gender and the angle of rotation qfethws.

Keywords: ergonomics, biomechanics, pelvis, pelvis romatpressure distribution,

sitting, anthropometry, ischial tuberosity.



1 Introduction

Design of sitting supports is often confronted with probéethat relate to areas of high
pressure and high pressure gradient. When such problemsuprdiscomfort is experi-
enced, but the consequences can be more severe such astionedficoncentration or
even pressure sores. The approach to solving such proldamssally to apply an iterative
series of adjustments on the shape of the support, posshfirmed by measurements of
the maximum pressure values. This paper reports the résearthe pressure distribution
for people sitting on a flat surface.

Since the shape of a seat is an important determinant fondberienced comfort de-
signing the shape should be guided by ergonomics guidelingsractice such guidelines
are based on (i) physiological criteria, (i) criteria frgpaycho-physical research (user as-
sessment of comfort), and (iii) criteria that relate to thesgure distribution in the interface.

Since the force, that is exerted by the support, is transthitia the contact area a pres-
sure distribution exists, that induces a hydrostatic pmesdistribution, an internal pressure
gradient, and a shear stress distribution inside the bedyds. These effects contribute to
several possible consequences by collapsing blood cggdlland lymph vessels, drainage
of interstitial fluid, and a reduced functioning of nerve b {Romanus, 1976; Miller and
Seale, 1985; Reddy et al., 1981a; Lundborg et al., 1983; skapy, 1983), possibly leading
to medical complications. It is a generally adopted view gzaticularly the gradient of the
hydrostatic pressure is a main indicator of decubitus.

Usually, although depending on the body posture, two arkedatively high pressure
exist below the seat bones (ischial tuberosities). In theg®ns the hydrostatic pressure
and the shear stress are relatively high, so that bloodlaged, lymph vessels and nerve

fibres are compressed, and interstitial fluid is draineddares with lower pressure (Chow



and Odell, 1978; Oomens et al., 1987; Levine et al., 199aria, 1995). The effect of
externally exerted pressure on the interstitial fuid flows baen reported by Reddy et al.
(1981b) and Reddy et al. (1981a). Krouskop (1983) discusedffect of such drainage,
leading to ‘dried out’ tissue, and cel and capillary damdggibited blood flow may lead to
a lack of oxygen supply, tissue starvation (necrosis) apdgure sores (decubitus) (Kosiak,
1961). If nerve fibres are under compressive load theirtghditransport information may
decrease (Rydevik and Nordborg, 1980; Dahlin et al., 1986).

The solution is to modify the shape of the seat by creatingrd barface of the right
shape (Neff and Fischer, 1987; Brienza et al., 1996; BrianzbKarg, 1998), or by individ-
ually adapted reshaping (e.qg., by using a cushion). Bothoastare usually applied by trial
and error, guided by the designer’s knowledge and expeaziehhe interface pressure can
be used to control the shape modification (Souther et al4;19ayo-Smith and Cochran,
1981; Brienza et al., 1996). Recently Brienza and Karg (1288d an optimization al-
gorithm for the shape of the seat using the stiffness digtdh of the body tissues. They
applied it for individual subjects and confirmed the imprmeat by pressure distribution
measurements on foam supports that were manufactureddioisedject.

The aim of the research is (i) to obtain the pressure digtabipatterns of subjects
seated on a flat, horizontal surface, (ii) to express thespreddistribution by a set of pa-
rameters that allow for a simple, physical interpretatifii), to statistically explain these
parameters by a set of body characteristics, and (iv) tolde\e predictive model of the
pressure distribution.

This paper presents an overview of the literature about ¢la¢ gressure (section 1),
the measurement setup to measure the pressure distriptiteobody characteristics that

are expected to correlate with the parameters of the preeshstribution (section 2), the



mathematical models to analyse and parametrize the daper{dix), the measurement
results and the analysis of the data (section 3), and a discusf the results (section 4).
When numerical results are given as(yy), thenzz is the average angy the sample

standard deviation.

Literaturereview

Measurements of the sitting pressure distribution have lbeported for various context,
measurement devices, subjects, and research objectivbgn Yie results of the differ-
ent investigations are compared, it should be kept in miiadl tiie applied measurement
technique, device, and its underlying physical principtasst be considered before draw-
ing conclusions. Every measurement setup has its own elisphasasurement procedure,
circumstances and boundary conditions.

Only limited quantitative research was found on relatigpstbetween posture, body
characteristics and pressure distribution. We intugiveedsumed that the amount of sub-
cutaneous fat and the muscle tissue below the ischial tabie reduce the maximum
pressure by spreading the exerted force over a larger atesislin concordance with the
fact that typically ectomorphic people are more prone tofpdisitting on a hard and flat
chair than other people (Garber and Krouskop, 1982; Ketnetal., 2000). The posture
and the number of supporting surfaces have a significanteimfiel on the pressure distri-
bution parameters. For instance, bending the upper bodywaad or forward reduces or
increases the foot supporting force, and using arm restbaclarest reduces the force that
is transmitted by the seadifting force, which can be proved using a simple biomechanical
free body diagram. Zacharkow (1988), Minami et al. (1977&Jbiy (1978) and Daniel

and Faibisoff (1982) argued that in standing posture tH@astuberosities are covered by



muscular tissue, but that in upright sitting posture, whenhip is flexed, these muscular
structures are shifted laterally so that only subcutanaalifsose tissue exists between the
ischial tuberosity and the skin. In reclined sitting posttite body weight is transmitted to
the seat mainly via the gluteal muscles, in upright postimethe ischial tuberosities, and

in forward bended posture via the hamstring muscles.

Descriptors of pressure distribution Theaverage pressuris defined as the ratio of the
sitting force, and the size of the contact area. Low averagsspres give a larger design
space to redistribute a high pressure over regions of lovesspre, while for a high average
pressures it is more difficult. Bader and Hawken (1986) andtaiéaet al. (1999) found
average pressure values from 6 to 10 kPa, but no relatiomgtiigposture, constitution or
support characteristics was given. Aissaoui et al. (200aind that the sitting force has a
range of 240 to 410 N, while the average size of the contaet wes 770 crh Since the
correspondence between the data of the sitting force ancbtftact area was missing, no
conclusion can be drawn about the average pressure.

Obtainingmaximum pressurealues is complicated since the measuring elements have
a finite size for pressure integration, and between the bemfeneighbouring elements a
gap exists. This has been neglected in most reports, thamasthe maximum pressure
equal to the maximum measured pressure. Reported valuesaskariation from 5 kPa
to 248 kPa (Houle, 1969; Garber et al., 1978; Minns et al.418&der and Hawken, 1986;
Henderson et al., 1994; Maltais et al., 1999; Aissaoui e28D1; Brienza and Karg, 1998;
Brienza et al., 1996; Hobson, 1988; Riley and Bader, 1988@hé&tt values were found
for disabled subjects sitting on a flat, hard support (Minhalg 1984). Lowest values

were found for healthy subjects, sitting on a curved suppod using a backrest (Riley



and Bader, 1988). Applying E)° reclined posture reduces the maximum pressure and the
pressure gradient by 25% (Hobson, 1988). Henderson et2@4]¥ound that 85° and a

65° backward tilt of a wheelchair reduced the maximum pressyrg®6 and 47%. The
highest maximum pressure reduction, 78%, happened whesulbiject bended forward.

Stumbaum (1983) related the sitting force, the size of theam area and the maxi-
mum pressure to weight, cushion and gender for healthy tedus. Men showed a larger
maximum pressure than women (difference 10 kPa), which eaexblained by a larger
average contact area for women (difference 58)crithe maximum pressure has a nega-
tive correlation with body mass (= —0.37 for men and0.47 for women). Brienza and
Karg (1998) found a negative correlation(.58 < 72 < —0.31) between the maximum
pressure and the body mass index (BMI = mass/stitur€he relationship between the
maximum pressure and the type of body build (thin, averageddese) was investigated
by Garber and Krouskop (1982) for disabled subjects. Thagddhat the frequency of the
occurrence of the maximum pressure below a bony area was¥%and 27% from thin
to obese.

Gross et al. (1994) mentioned the relevance ofpfessure gradientor seat comfort.
Maltais et al. (1999), Brienza and Karg (1998), Hobson (19%8& Bader and Hawken
(1986) found a range of 0.23 kPa/m to 6 kPa/m (higher valuethéodisabled). The pres-
sure gradient was computed by linear interpolation, witlemmsidering the location.

Akerblom (1948) found that theistance between the midpoints of the ischial tuberosi-
ties has a range of 9 to 15 cm, where women show a larger distanoentba. Other
authors report a smaller range (Diffrient et al., 1981; Kirfd76). Since the ischial bones
converge towards the pubis, the distance of the high preswas should depend on a

forward/backward rotation of the pelvis. However, Stunmhgd983) found no significant



dependency of the distance between the high pressure poigender or on rotation of the

backrest (not the pelvis); for upright sitting this distarweas 121(14) mm.

2 Methodsand materials

A cartesian coordinate system was used. Fta&is runs in lateral direction from right to
left, the y-axis in backward sagittal direction and thexis in cranial (upward) direction.
The origin is on the seat surface, in the mid-sagittal pldrieeafront edge of the support.
Three measuring methods and devices were used. The pressuiteution data and
the location of the points of maximum pressure were obtaividdthe pressure distribution
measuring deviceThe location of the points of maximum pressure (second ureasent)
and the shape and the size of the contact area were obtaimedtiie mirror box which
shows a low pressure threshold. The angle of the pelvisioatatas measured with the

antennamethod.

The pressure distribution measuring device The pressure distribution measuring de-
vice, figure la, is based on the capacitive method. It has arathwncertainty of 10%
of maximum load. The construction of the device and its catibn are reported in Moes
(1999). It consists of a 2436 rectangular array of 1 chelements, spaced at 2 mm inter-
vals, so that the distance between the centres of two neigimgoelements in a row or a
column is 1.2 cm. Its upper limit of calibration was 350 kPallés that exceed this max-
imum are set to 350 kPa. It is placed on top of a Kistler meagupiatform that records
the sitting force and the location of the line of action. A mmble board is mounted for
correct and reproduceble positioning of the subjects. igefte actual pressure distribution

measurements it is removed so that the pelvis can rotaty.free



Pressure distribution and antenna measuring devices

(@) (b)

Figure 1: Figure a shows the pressure distribution meaguaiénice, mounted on top of the

Kistler platform. Figure b shows the antenna arrangemeaninigasuring the angle of the
pelvis rotation.
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Figure 2: A lateral view of the mirror box (a) and a top view bétmeasurement setup for
the mirror box (b).



Pressure distribution contour lines
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Figure 3: Example of a contourline diagram as it is generbie@PCP (General Purpose
Contourline Package, implemented on Convex computer).Urt of the pressure scale
corresponds to 10 kPa. The figure shows the distance betlveaschial tuberosities, the
regions for the computation of the lateral gradients, aediint depths.

The geometric centre of the highest pressure contourlafeahd right) of the pressure
distribution was considered the ‘point’ of maximum presswsee figure 3. For the purpose
of comparison, the locations of the maximum pressure areas eomputed a second time

based on the pressure distribution data.

The mirror box The measurement of the size of the contact area, as well aoade
estimate of the location of the points of maximum pressure deae with thenirror box, a

modified type of a paedobarograph, (Chodera and Lord, 1988ster, 1987). It contains a
40x 40 cm glass plate of 1 cm thickness, figure 2a. The sides ofléiss glate are polished.

One side is illuminated by a fluorescent tube. The light framftuorescent tube enters the



glass plate through the polished end and remains insidelalse gince the incident angle
exceeds the critical angle for total reflection. A mat of \whipaque silicon rubber rubber,
1 mm thickness, covers the top of the glass plate. The lovder gi this mat is roughly
corrugated. If pressure is exerted at the top of the mat thiacbbetween the white rubber
and the glass is intensified, which modifies the ratio of tliicies of refraction. Then the
light enters the white rubber instead of being reflected s tie rubber foil is locally
illuminated. A pressure of 0.1 kPa was detected as a brigiit $fia the mirror the image
of increased brightness is recorded by the camera 1. If #&spre increases, a larger area
of the corrugations is pressed against the glass surfacngaa corresponding increase
of the size of the white spots, which is perceived as incekdmEhtness. A top view
of the measurement set up is shown schematically in figureTPie foot rest is a roller
beared platform so that horizontal shear force is avoidée. rEmovable board was used to

position the subjects, then it was removed.

Antennato measure the angle of pelvisrotation The angle of the pelvis rotation was
measured according to the antenna method Moes (1998). Amddhntenna) is mounted
at the sacral skin, so that the pelvis rotation is reflectethbyantenna rotation (figure 1b).
Camera 2 records the rotation of the antenna. The angle opehds rotation, o, is
computed from the angle of the antenna rotatiopwith respect to the reference posture
as:ap = 1.1 x a,. The standard deviation of the coefficient is 10%. The refegeposture
is the posture of subjectively experienced maximum presatithe skin below the ischial

tuberosities. It is reproduced withih4°, see section 3.

Measuring procedure The subjects wore a loosely fitting seamless legging ovebdne

skin. The following body characteristics were measured: amount of subcutaneous fat
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(Durnin and Womersley, 1974), the somato type (endomoyphésomorphic and ectomor-
phic rating) (Carter and Heath, 1990), stature, body mhegjistance between the SIASes,
the distance between the SIPSasd the thigh depth at the level of the buttock fold. Before
the actual measurements took place, the subjects pracgseght sitting and rotating the
pelvis while keeping the body upright. The upright posturswot controlled by mea-
surement. It turned out that keeping the upright postureneaslifficult; correction by the
research team was not needed.

The measurements were done in two sequences, the first orirtioe lnox, the second
on the pressure distribution measuring device. The inptisture in each sequence was up-
right (the subjects experience maximum pressure undertting bones, while the sacral
skin touches the reference board). The line through the miajohanter and the lateral
epicondyle of the femur was horizontal, the lower legs eatti The distance between the
knees was left free. This posture is called taference posturer, = 0°. Forward rota-
tion is positive ¢, > 0), and backward rotation negative,{ < 0). Then the board was
removed. A measurement on the mirror box consists of thel&maous recordings of the
cameras. The second measurement series with the pressuifgution measuring device
consists of the recordings of camera 2 for the angle of thagedtation, and the pressure
distribution data. The reference posture was the first pp$tu each series.

Then the subject rotated the pelvis stepwise from maximelkward to maximal for-
ward while keeping the upper body upright, inclining the eppody neither backward nor
forward, see figure 4. Thus during each measuring cycle lfuppsmeasurements were
done.

For each posture the pressure distribution and the contaatvaere measured. The

Spina lliaca Anterior Superior and Spina lliaca Posterigpeior

11



Rotation of the pelvis

Figure 4: While the pelvis rotates, the upper body remaimgbp

third posture was halfway the first two postures, the foudstypre was again the reference
posture. The next postures were halfway forward, maximfallward and again halfway
forward. The last three postures were again the referenstingo halfway backward and
maximally backward. The time interval between the measargsnon the pressure device
was one minute to enable making corrections for hysterésieeoneasuring device (Moes,
1999). During the one minute intervals the necessary rgadirere done with the current
posture, the new posture was taken, and ca. 20 seconds Vtdreftae the next readings.
The reproducibility of the reference posture was defineti@standard deviation of the
average reference posture. For each subject four measurserees were done: two series
on the mirror box and two on the pressure distribution meéagudevice. On both devices
one measurement series was done while the subject woreedyldittng legging, and one
series with their own underwear. During each series thearée posture was taken three
times, so that the four series resulted in twelve measurenfenthe reference posture.

The mathematical models to compute of the location of theimax pressure points,

12



Table 1: The body characteristics of the subjects.

T s min  max skewness
age 21.6 2.5 18 49 3.5
mass kg 67.5 9.2 51.2 84.8 0.15
Stature cm 175.6  10.7 157.0189. 0-0. 37
%fat % 18.3 6.8 8.4 30.4 0.33 mesomorphic
endomorphy 2.8 1.1 1.5 5.00.8
mesomorphy 4.2 1.0 2.2 5.7-0.26 . .
ectomorphy 3.1 1.3 0.6 5.40.0 /’\ * /\
ASIAS cm 24.0 1.7 21.0 26.5 0. 37 N
ASIPS cm 10.1 1.0 8.7 12.4 0.86 x
pelvis depth cm 17.2 0.7 15.8 18.5-0.33
thighdepth cm 18.1 1.7  14.9 21.7 0. 12endomorphic ~—¥——" ectomorphic

the pressure and te rotation parameters are explained aptrendix.

3 Reaults

This section gives the characteristics of the subjectspéihds rotation and related aspects,

the location of the points of maximum pressure and the pregtistribution related quan-

tities. The representation of the numerical results is #mesas in the literature section:

zx(yy) means thatz is the average angly the sample standard deviation. The derivative

of the quantityz to the pelvic angleq,, is given byGe? = Oz /0a,. When gender is

applied, zero (0) means female, and one 1) means male.

Subjects Eleven male and nine female subjects participated. The blodsacteristics are

given in table 1. The high value of the skewness for age isezhby one subject being
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much older then the others. The figure at the right gives thgilblition of the somato
type of the subjects. The coordinates of the markers in thisasographical space were
computed according to Carter and Heath (1990). The sonpatalycharacterizations vary
between 1 and 8 (begin- and endpoints of the arrows). Thespeépth,ss,,,, was the

sagittal distance between the midpoint of the SIASes an&tR&es.

The reference posture and the pelvisrotation The reference posture (degrees) on the
pressure distribution measuring device and the mirror bex@ated asuo,,,;, = 0.96 x
apq+ 1.5 (r=0.90). Apparently the angles of the reference posture show ndfisigmt
difference for the two devices. For each subject the ranghefeference posture was
computed. The average range for all subjects Wa&3.4)°.

The average and the standard deviation of the maximum badkfag < 0) and the
maximum forward ¢,, > 0) rotation are not significantly different. Moreover, a sfgrant
relationship was not found, so that the ability to rotatevand does not predict the ability
to rotate backward.

The reproducibility of the maximum rotation of the pelvissv@erived from the com-
parison of maximum pelvis angle rotation on the mirror boxicke and the pressure dis-
tribution measurement device. In both measurement sdwesubjects received the same

instructions. The coefficient of correlationd€7, and the coefficient of regression 0.96.

3.1 Sagittal location

The front deptf, in the reference posture ig(ref) = 17.7(2.2) cm with minimum and

maximum values of 12.4 cm and 21.6 cm. This variability ressfitbm (i) the inaccuracy of

2The abolute value of the front depth has little meaning sindepends on the dimensions of the measure-

ment set up. We focus on its changes.

14



Front depth
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Figure 5: Four typical graphs showing againsto,,. Figures a to d give examples of the
local maximum, the local minimum, the decreasing and theeaging behaviour qf;.
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Table 2: The distance, T, between the points of maximum pressl; is the distance
in the reference posture. The abbreviatiab and pd refer to the mirror box device and
the pressure distribution measuring device. The rows Withgive the sensitivity of the
distance for varying pelvis rotation.

variable min max T Sz s V'  skew
To(mb) (cm) 10.3 15.0 12.3 0.4 15 012 0.34
To(pd) (cm) 9.5 15.5 12.4 0.4 1.5 012 0.29
To(@,pd+mb) (cm) 124 155 136 03 09 0.07

To(S,pd +mb) (cm) 95 118 111 02 0.6 0.05

A (cm/degr) -0.077 -0.009 -0.038 0.004 0.016 0.42 -0.32
By (cm/degr) -0.098 -0.035 -0.054 0.005 0.021 0.39 -1.28

positioning a subject against the removable board, (iijithecuracy of taking the reference
posture, (iii) the thickness of living tissue between thesdbsurface of the sacrum and the
skin surface, and (iv) the variability of the dimensionsiu bony pelvis. Multiple regres-
sion showed no significant relationship g{ref) with the body characteristics. Analysis
of y¢(a,) showed no consistent relationship. Four typical relatiques are shown in fig-
ures 5a—d. The first shows a local maximui 2), the second a local minimum (= 7),
and the third and the fourth a monotonously decreasing-(2), respectively increasing
(n = 7) function. Apparently the movement of the seating bones theinner aspect of

the skin consists of an unpredictable combination of rglamd sliding (see appendix).

Distance of the points of maximum pressure Table 2 summarises the results for the
distance,T, of the points of maximum pressure. In the reference poshe@verage dis-
tance on the mirror box was 12.3(1.5) cm, and on the presawiead12.4(1.5) cm. Com-
parison ofTj, obtained from the mirror box and the contourline data, gigmb) =

0.995 x Tp(pd) (r = 1.0), which means that the two methods produce the same results fo
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Distance between ischial tuberosities for varying stature and pelvisrotation
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Figure 6: Figure (a) showk, versus stature. Figure (b) shoWéw,) for one of the subjects.

To. Multiple regression of, was done for only gender and for gender and stature, regultin
in Ty = 13.6 — 2.51 x gender andTy = 4.59 — 3.33 x gender + 0.053 x stature. If
only gender is included as the independent variable, thegealifference of, for female

(?) and male §') subjects is 2.5 cm (table 2). The inclusion of stature iases the coeffi-
cient of correlation slightly; for one centimeter increadestature, T tends to increase by
0.5 mm, but partial correlation is low, see figure 6a.

Since the ischial tuberosities converge in the sagittaation the distanc&' between
the lower projections of the tubers must decrease with asing pelvis angled;” < 0).
Figure 6b shows an example whéfedecreases from 12 cm to 8 cm for a pelvis rotation
from —34° to +20°. The average values qiﬁf < 0 for the mirror box and the pressure

distribution measuring devices are -0.054 cm/degree af@8@m/degree, see table 2.
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Table 3: Statistical descriptives of the variables coniogrithe size and the shape of the
contact area. Length unit is cm.

variable min max T Sz s vV  skew

Magnitude of the contact area in the ref. position, and theetelency on the pelvis rotation

A (cm2) 501 954 702 25 104 0.15 0.4
" (cm2/degr) -6.1 1.0 -2.6 0.4 1.8 0.7 0.14

total depth in the ref. position, and the dependency on thegpetation

v (cm) 23.8 29.2 26.6 0.4 1.7 006 -04

°r  (cmi/degr)  -0.17 -0.094 -0.146 0.005 0.022 0.15 0.97

front depth in the ref. position, and the dependency on thagetation
y?d (cm) 12.4 21.6 17.7 0.5 22 0.12 -0.79

gor  (cm/degr) -0.065 0.030 -0.009 0.005 0.023 26 -0.70

back depth in the ref. position, and the dependency on thespetation
Yo (cm) 6.9 10.0 8.2 0.2 0.8 0.10 0.30

p

°»  (cm/degr) -0.214 -0.079 -0.145 0.008 0.04 0.23 0.002

maximum width in the ref. position, and the dependency opehas rotation
x) (cm) 26.6 375 324 0.5 23 0.07 -0.33

p

°»  (cm/degr) -0.13  0.09 000 001 004 — -0.9

Table 4: Results of stepwise linear regression of the viasatoncerning the size and the
shape of the contact area. The resultsy@)r ﬁfg’, x?, and ., have been excluded from
this table because no significant correlation was foundtd e centimetres and degrees.

const Asips Asias ssqy Yfat  ecto  mult.r

Ao (cm?) 513 443 10.2 0.81
" (cmP/degr)  1.32 -0.21 0.77

0 (cm) 9.29 -0.34 055
°»  (cm/degr) -0.29 -0.014 0.028 0.74

a9 (cm) 159 1.19 0.23 0.83

Contact area The results for the size4()) and the shape of the contact area are given in

table 3. The shape is represented by the front depth,the back depthy,4, and the total
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The shape of the contact area and the shange of the size

2 T T T
°
°
X O e —
1< >
1 1
o o o
o ' 2k * - ° i
o o)
' ] ' EES °
o)
4 - © u
. Yba ' 0o
0\ o
A
max. press. —
point, right e ! 6 o g
. y| Max.press. . 5 female
g X
point, left
Yia 8 e male | 1
1 11 21 31
____________________________ %fat

(@) (b)

Figure 7: Figure (a): the front depthy4, the back depthy,4, and the total depthy;4, and
width, z;, of the contact area. Figure (b{)ﬁ” (cm?/degr) as a function of %fat.

depth,y:4, see figure 7(a). Multiple regression (stepwise; level ghificance for the T-
statistic was 0.05) was applied for the measured body cteistics, see table 4. The size
of the contact arealy = 702(104) cm?. The main explaining quantity for the variance of
Ag andz; is the percentage of subcutaneous fat (%fat). The change sfze of the contact
area with the pelvis angl@ﬁp) is, apart from two subjects, negative (table 4 and figure 7b)
This indicates that forward bending (increasimg reduces the size of the contact area. A
significant relationship was only found for %fat. Thus lean aelatively thin, tall subjects
show lower decrease of than subjects that are more endomorphic for the same \ariati

of the pelvis rotation.

Sitting force and average pressure The tables 5 and 6 show the statistical descriptives
of the sitting force and the results of the multiple regrassiith body characteristics. The

sitting force in the reference postufé = 508(79) N, and depends on body mass £
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Table 5: Statistical descriptives of the variables relatetihe sitting force, its sagittal posi-
tion and the average pressure.

variable min  max T Sz s VvV  skew

Sitting force in the ref. position, and the dependency orptieis rotation

Fy (N) 303 647 508 18 79 016 -0.72
Eﬁf (N/degr) -0.92 0.47 -0.22 0.09 037 1.72 -0.30

Sitting force related to body weight in the ref. position

F,/Fg 060 085 0.78 0.013 0.06 0.07 -1.67

Sagittal location of the line of action of the sitting foreethe ref. position,

and the dependency on the pelvis rotation

YF, (cm) 85 169 138 0.5 22 022 -0.70
e (cm/degr) 0.09 0.16 0.12 0.01 0.03 0.20 0.15

Average pressure in the ref. position, and the dependentlyeopelvis rotation
p=Fs/Ay (kPa) 41 10.1 7.3 0.4 15 0.20 -0.16

o (kPa/degr) -0.016 0.040 002 0.00 0.02 1.00 -1.06

0.91). A significant relationship betweef, andq,, was not foundﬁf{f Shows a tendency
to negative values (see also figure 8) which means that fot sugectsF,; decreases
when the pelvis is rotated in forward direction. Multiplgression did not give significant
explaining variables. The average fractiby/ Fi; (Fe=body weight), transmitted via the
seat, is 0.78 with only small deviation® (= 7%), not explained by body characteristics.
The sagittal coordinatey, , of the line of action of the sitting force was only margiyall
(r = 0.59) explained by the sagittal dimension of the pelws,,,. The regression co-
efficient (-1.98 cm/cm) shows that an increase of the depth,,, of the pelvis of 1cm
corresponds with a displacement of abe@cm of yr,. The values 065‘;’5 are definitely

positive, which means that a forward rotation causes a fahivanslation ofyx, 3.

3This translation may not be confused with the movement optiets of maximum pressure, which shows

varying relationship with,,.
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Table 6: Results of stepwise linear regression of the visalzoncerning the sitting force
and the average pressure, with the body characteristicss(im&g ands s, in cm).

const mass ssq,, gender endo mult.r
F (N) -25.5 7.98 0.91
YF, (cm) 47.5 -1.98 0.59
.7 (cm/degr) 0.47 -0.020 0.55
D (kPa) 6.3 2.1 0.75
g"’ (kPa/degr) -5.8e-03 9.1e-03  0.65

In the reference posture the overall (all subjects) avepaggsure i$ = 7.3 kPa (which
exceeds the limit for decubitug,= 7 kPa, defined by Hobson (1988); is correlated with
body mass. Since for méht; is higher than for women, the same is valid fqr The larger
size of the contact area for women and the smaller sittingefalo account for the lower
average pressure for women. It depends significantly onegendth regression coefficient
2.1kPa, which expresses that the average pressure showtematic difference for men
and women. For women it is lower as a result of increased s$iteeacontact area.

The average pressure increases with forward rotaﬁﬁﬁ, > 0, despite the decrease
of F;. Apparently the decrease dfy compensates for the decreaseMf It is mainly
correlated with the endomorphic index. Thus, for highly@mdrphic persons the average

pressure increases more rapidly with forward rotation efgélvis.

Pressure distribution descriptors Tables 7 and 8 summarise the results of the param-
eters that describe the pressure distribution and thetsesfithe regression analysis. It
turned out that the ectomorphic index, and in one case statvgre the only explaining

variables.
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The dependency of the sitting force on the angle of pelvis rotation.
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Figure 8: The value O/B}’f is mainly negative.

Maximum pressure In the reference posture the maximum presspre= 173(93) kPa

for the left and 176(91) kPa for the right side. Multiple reggion shows a significant
relationship with ectomorphy.

The pressure distribution depends on the pelvis aagleFigure 9 shows the average
of the left and the right maximum pressure as a function ofphleis angle for one of
the subjects. Usually,,(a,) shows a maximum for the reference postusg & 0). To
describe the relationship and to characterize it by a smalber of parameters, for each

(ap—b)?

a2
, Wherec corresponds

subjectp,, was fitted to an exponential functiop;,” = c.e

with the maximum pressure in the reference postarjith the reference angle of the
pelvis rotation, and: with the width of the graph. The width of the function equdis t
distance between the inflection points;; o) = b+ $a+/2. The widthw of the function is
w = a\/§.

A high value ofw indicates a relatively slow decrease of the maximum preskura

deviation from the reference posture.ulfis small, then the maximum pressure decreases

22



The maximum pressure
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Figure 9: Average of the left and right maximum pressureeshas a function of the pelvis
anglea for one of the subjects.

rapidly with o,. The value ofw was37(12)° with maximum and the minimum values®
and62°, see table 7. Multiple regression showed no significant ioggecies.

If the graph of the function is steep, this means that changes rapidly withy,.
Therefore the rate of change pf, with «, can be represented by the slope at the in-

Qp

. . 1vz .
flection points: (3, = Opmlarz) _ 40 /5% 2", The computations showed that

)al,g - Oayp

b = 52(25) N/(cmPdegr). Linear regression yield§;, ), = 11.5+13.1 x ecto with

a1,

r = 0.70. The ectomorphic indexcto, is the only explaining variable.

Pressure gradient The pressure gradient has been approached by two methoit$y, wh
have been explained in the appendix. The circular grad@ntrepresents the changes of
the pressure by a single number. The transverse gradiesrdisbetween the medial and
the lateral components. Both gradients have been comportelef left and the right parts.
Theoretically, at a maximum pressure point£ 0) the pressure gradiem®’ = 0.

For increasing distance,, the gradient first increases until a maximum, then decgease
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Table 7: The statistical descriptives of the maximum pnesgkPa) and the pressure gradi-
ent (16 kPa/m).

variable min  max T Sz s V'  skew

Left, right and average maximum pressure in the ref. pasitio

Pl (kPa) 56 350 173 23 93 0.54 050
P,y (kPa) 85 350 176 23 91 052 0.79
DPm (kPa) 71 350 170 19 78 0.46 0.60
Computed coefficients of the fitting equation

c (kPa) 75 342 182 22 87 048 0.44

w(= av/2) (degr) 19.6 61.7 367 3.0 118 0.32 0.86

The dependency of the maximum pressure on the pelvis rotatio
( ;,151)@1,2 (kPa/degr) 215 980 521 63 250 0.48 0.44

Circular and lateral (left and right) pressure gradientstime ref. position

G§ (kPa/m) 1.48 5.44 31 033 127 041 0.24
G¥ (kPa/m) 2.27 16.8 6.9 11 42 0.60 1.17
G{O (kPa/m) 2.10 16.6 6.6 11 41 063 1.20
G%,O (kPa/m) 2.44 16.9 7.3 11 42 058 112

GI,/GL, (kPa/m) 070 1.06 0.89 0.03 0.11 012 0.30

This means that the region of maximum pressure gradientifmems drainage of fluid)
is not located at the point of maximum pressure, but in a regimund this point. Since
a computed point of maximum pressure does probably not ic@neith the centre of a
measuring element, in practi¢ (r = 0) # 0. Figure 10 shows the circular pressure
gradient for one of the subjects (computed with eq. 2, apgend

The circular gradient in the reference posturesfs = 3.14(1.33) kPa/m. Multiple
regression yields only ectomorphy and stature as explpinariables. Since the circu-
lar gradient is a single, overall measure for the pressuadignt, not showing directional

dependency, the lateral and the medial components of thevieese gradient have been
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Table 8: Coefficients of the regression results of the presand the pressure gradient
parameters (stature in m).

const ecto stature mult.r

Pl (kPa) 63.9 36.5 0.53
P (kPa) 2.7 54.1 0.77
P (kPa) 38.6 422 0.73
c (kPa) 40.0 45.6 0.70
(Bp2)ar, (KPa/degr) 115 131 0.70
G§ (kPa/m) -6.25 0.56 0.044 0.90
G¥ (kPa/m) -1.03 2.55 0.80
Gy (kPa/m) -1.25 251 0.80
(Gl (kPa/m) -0.81 2.59 0.80

Table 9: Overview of the main predicting variables for thegzure distribution parameters.

variable body mass gender stature ecto %fat,

T X X X
A X X X
Fg X

D X X
Pm X X
G X X

computed (egs. 3 and 4, appendix). Linear regression gifes= —0.43 + 0.964 x GI,
with coefficient of correlatiorp = 0.98. The negative intercept-{0.43) shows that the lat-
eral gradient is slightly smaller than the medial gradi&adtomorphy is practically the only
significant explaining variable of the transverse gradiémear regression of the average
(lateral, medial, left, right) transverse gradient andaierage circular gradient, both in the
reference posture, givesS = 1.18+0.28 x GZ'; r = 0.93. The circular pressure gradient

is significantly smaller than the lateral gradient.
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Computed circular gradient
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Figure 10: Example of the computed circular gradient as atfon of 2.

Overview of the predicting variables Table 9 gives an overview of the main predicting

variables for the investigated parameters of the presssnébdtion.

4 Discussion

Generalisation Since our subjects were healthy students of a limited rahggey a gen-
eralization of the results, such as the application to ohilcr the elderly, needs additional

measurements.

Maximum pressure and pressure gradient The maximum pressure, that was found for
the reference posture, is 170(19) kPa. Results from reppoesearch using a comparable
measurement setup, flat/basic supported sitting, showeer lgalues (Houle, 1969), or
comparable values (Minns et al., 1984). The reasons ardffiotilf to understand. Firstly,
in our research the subjects took the upright posture, arttked their back. Secondly
they were requested to rotate the pelvis until they expeeidrthe maximum load under

the seating bones. In this respect the results compare tesh#ts of Minns et al. (1984).
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Stumbaum (1983) and Brienza and Karg (1998) measured oruffacss, but since they
used a backrest, they found lower maximum pressure valOe430 kPa.

The same reasoning can be done for the pressure gradiehts hesearch the circular
gradient and the transverse gradient were 3.1(1L.@7Pa/m and 6.9(4.2)0° kPa/m. The
lower values found by Hobson (1988) and Brienza and Kargg&L@an be attributed to
using a soft surface (cushion) and to reshaping the surfalteough Bader and Hawken
(1986) used cushions and multiple support, their resutsrathe same order as those in
this paper. The reasons for this are not clear.

The influence of body characteristics on the maximum presape contrary to the
results of Garber and Krouskop (1982), who found a signifigaftuence of the body type
(thin, average, obese) on the location of the maximum preg&wny region or soft tissue
region), but the value of the maximum pressure was only weaKuenced by body type.
We found a significant influence of somatotype on the maximegagure, and a significant,
but smaller contribution of the body anthropometry (s&fwn the pressure gradient. A
change of the maximum pressure as a result of a rotation gpehés was found to be
maximal for high ectomorphy. This means that a reductiorhefrhaximum pressure by
rotating the pelvis is most effective for a typically ectampio person. This could mean that
the transmission of the sitting force is taken over by the $tang muscles or the gluteal
muscles at smaller deviations from the reference postane fibr low ectomorphic index

(more adipose tissue).

Contact area The size of the contact area, 702%<wmith standard deviation 104 Gnis
of the same order of magnitude as found by Aissaoui et al.1(R0® depends mainly on

%fat mainly, and the distance between the SIPSes has a dutadignificant contribution.
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This means that females tend to have a larger contact anreathilas. The same is valid for
a change of the contact area if the pelvis is rotated; formeotph people the contact area

changes less quickly than people having more subcutanabus f

Average pressure The average pressure in the reference posture, 7.3 kPa amthsd

deviation 1.5kPa, is in the same order as found by Bader amckéta(1986), despite the
fact that they used a cushion as well as multiple support.siBlgsthe contact area was
smaller in that research. The main explaining quantity isdge: for males the average
pressure exceeds that of females by about 2.1 kPa. Thisneyndan be explained easily
since (i) the contact area of males is smaller (less %fat)igrttleir body weight is larger,

see table 4. However, the dependency of the average pressammtation of the pelvis has
a positive correlation with the endomorphic index, seeet#bl This means that typically
‘thin’ people show less variation of the average pressurefitation of the pelvis than

less thin people.

Sitting force The sitting force is slightly higher than the force found biggaoui et al.
(2001). A larger difference was expected, since using areatkduces easily a decrease of
one third of the sitting force (Souther et al., 1974). Simceur research only the pelvis was
rotated and not the upper body the centre of mass shows niastikvariation. Therefore

it is not surprising that the sitting force depends only oa body mass and not on the
rotation of the pelvis. The force reduction resulting fromotation of the trunk, and thus
from a shift of the centre of mass, can easily be explainetl wisimple biomechanical

model, and was confirmed experimentally by Henderson e1994).
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Distance between maximum pressure points The distance between the maximum pres-
sure points was derived from the locations of these pointsating the maximum pressure
points using the mirror box device can be improved by usingrdranced white rubber foll
resulting in better sensitivity in the brightest regionseTtomputation using the contourline
method was done using a specific set of contour parametguen{dix), including among
other things a degree of smoothing. In this research a rabkmsetup was selected. It
is not expected that further optimization of these pararsetd! give significant improve-
ment. The correlation between the contourline data and themiox data is sufficiently
strong to accept the current level of accuracy, compare tafile 2.

The distance between the points of maximum pressure, 12.8rarstandard deviation
1.5 cm, agrees with the results of Stumbaum (1983). Smas#ierttes were found by Houle
(1969), but in that report the measurement setup to obtamtbasure was not described,
and by van Engelen (1988), who measured the distance betleateepest impressions
on bicycle saddles. In practice this distance is definedualy, depending on the context
(gynaecology, forensic determination of gender, sittingnfort, etc) so that a comparison
is not always straightforward. For instance, the distaretevéen the inner aspects of the
ischial tuberosities (the transverse diameter of the imfeperture of the pelvis also called
the bituberous diameter) is about 85 mm for males and 118 mfarfmales (Williams et al.,
1989). The change of the distance fdi0d forward rotation of the pelvis was foungd mm
to —5mm.

The movement of the points of maximum pressure was invastigbor quasi-static
lateral pelvis rotation. If different ways of sitting arevestigated, consideration of dynam-
ics and types of motion must be included. For instance, orycle saddle the points of

maximum pressure show a circular motion in lateral direc{idoes, unpublished data).
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Rotation of the pelvis The helical axis (see appendix) for the current type of imtat
and translation, is located above the sitting plane. It shadarge uncertainty, mainly as a
result of the varying amount of sliding of the ischii over thaer aspect of the skin. In the
measurement setup of Stumbaum (1983) it was located bewtmwthk, but in that research
only a rotation of the backrest was considered, while nattie was payed to a rotation
of the pelvis. Moreover, in that research this location wasstdered important to prevent
sliding forces along the back during rotation of the back ¢(glemdauszieheffekt). In his
thesis he did not consider the possibility of the seatingebaiiding over the inner aspect
of the skin.

Differences within subjects and among subjects for the mari backward and for-
ward rotation depend not only on physiological and anatahfactors; the stiffness char-
acteristics of the spine and its ligaments are possibletiaddl contributors to such asym-

metry.

Model ischial tuberosities The radius of the model for the ischial tuberosities coultl no
be computed since the ischial tuberosities showed an uicgabtk sliding behaviour over
the inner aspect of the skin. The exact reasons for the \v@gliding behaviour can only be
guessed. For sure, varying muscle and ligament charauatsyisuch as stiffness, trained-
ness and muscular pretension could play a significant rakeother factors, e.g. psycho-

physiological, should be considered in addition.

5 Conclusions

The pressure distribution has been described by the maxipnessure, the pressure gradi-

ent, the average pressure, and the location of the pointawrimmum pressure for subjects
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sitting on a flat, hard and horizontal support. The variatbthe posture was defined by a
rotation of the pelvis. Using multiple regression techeigjthe relationships between these
guantities and (i) a set of body characteristics, and (@)ghklvis rotation were computed.
Taking into consideration the boundary conditions of treeagch it can be concluded that
the pressure distribution for a specific angle of lateration of the pelvis can be predicted
by ectomorphic index, mass, gender, %fat and stature. Itslvawn that the maximum
pressure depends on the angle of pelvis rotation. This mfliés stronger for increasing
ectomorphy.

The radius of the curvature of the ischium model (eq. 1, agip@rcan not be derived
from the measurements of the location of the maximum pregsuints, because the ischial
tuberosities show an unpredictable sliding over the inapeet of the skin while the subject
rotates the pelvis. Therefore the angle between the isithiatosities and the curvature can
not separately be determined from these data.

The distance between the points of maximum pressure isqbeedby gender, stature,
and the angle of the pelvis rotation. For ed€hi of rotation, the distance is changed by
about 4 mm. As was expected it decreases for forward rotatidnincreases for backward
rotation. The front depth can not be predicted since itilsistknown what conditions cause
sliding or rolling of the ischial tuberosity over the innespect of the skin. The values of
the distance between the ischial tuberosities are notstemsiwith those found in literature
since the measurement setup was different.

The maximum forward or backward rotation of the pelvis shibwe relationship with

gender or other body characteristics.
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Appendix

Location of the points of maximum pressure To obtain the outer contact contour, the
size of the contact area, and the location of the maximunsprespoints, the mirror box
images were digitized and analyzed with an image analysigram (Fox and Ulrich, 1995).
Because of the resolution of the brightness of the imagebrigbtest areas do not show as
small spots, but as an area around the actual, but unknownhgfohaximum pressure. The
(unweighted)entre of massoutine CM-binary), that locates th&X andY coordinates of
the geometric centre of mass for the pixels of the image dewgpito C M Binary(X) =
(1/N) SN, X; andCM Binary(Y) = (1/N) YN, Y; whereN is the number of pixels
in the image, was applied to locate the point of maximum presor the contour of the

area of maximum optical density.

Sitting force The sitting force was obtained by summing the four vertioaté compo-

nents of the Kistler force plate. The point of action of thecbowas computed from the
ratios of these components. The conversion of the outpuesadf the pressure distribution
measuring device to the pressure values is discussed in {1669). The locations of the

maximum pressure points were also obtained from the pressisiribution data. The geo-
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metric centre of the highest pressure contourline (leftrégtit) of the pressure distribution

was considered the ‘point’ of maximum pressure, see figure 3.

Sagittal location The sagittal locationy, of the points of maximum pressure is the dis-
tance to the front edge of the ‘seat’. It is computed as theageeof the left and the right
locations:yy = 0.5(yy, + ). The value ofy; depends on the distance between the front
edge and the backboard, but only its variation was used trotite relationship with the

angle of the pelvis rotatiorﬁgf = dyy/day,

Distance between the points of maximum pressure The assumption was made that the
location of the points of maximum pressure has a directicglahip with the lower aspects
of the ischial tuberosities. Since the ischial tuberositiave an elongated shape and con-
verge in the sagittal direction the distance between thetpof maximum pressure depends
on the angle of the pelvis rotation. If we know the curvaturénhe ischial tuberosities and
the angle between the bones, this distance can be compuseiiagtion of the rotation of
the pelvis. Therefore the lower part of the shape of the @dhberosities was modelled
as a section of a circular disk with radius see figure 11. Since the ischial tuberosities
converge in forward directiofi’ decreases with forward rotation. The angle between the
left and the right section is. PointsA and B are the lower aspects of the right and left
discs. If the discs roll over an angteo, their lower aspects move from to A’ and from

Bto B’ so thatAs = r x Ac,. Then:

Qp
=

dl' — 2r xdoy, xsin(y/2)
doy, doy,

= —2rsin(y/2) 1)

so that3;” is indeed negative.

During rotation of the pelvis the ischial tuberosities mavigh respect to the inner
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M odd of ischial tuberosities

Aa,=pelvis rotation
y=angle between left and right sectionj

A, B= lower aspects of left and right disks
T=distance between lower aspects of the ischial tuberosities

Figure 11: The circular disc model of the ischial tuberesiti

side of the skin. This movement can be rolling, sliding, oranbination of rolling and
sliding. In case of only rolling the point of contact moves@ualing to eq. 1 so that
can be derived from the trajectories of the maximum presgaiats. If AT andAq,, are
known from measurements, the radiullows from eq. 1. But if also sliding occurs, only
the product- sin(-y/2) can be determined.

Whether sliding occurs depends on muscular activatioredoin the movement. Such
activation is not only determined by specific anatomical biethechanical characteristics,
but also by individual motorial habits. Moreover, the caméfint of friction between the
ischial tuberosities and the inner surface of the skin isamin. The occurrence of sliding
is indicated by the sagittal displacement of the points afimam pressure during rotation
of the pelvis. If only rolling is involved the functiogy(c,) is monotonously decreasing.
The reverse is not necessarily true; a monotonously dengeeslationship is no proof for
the absence of sliding. The actual relationship depends®neiative amounts of rolling

and sliding.
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Helical axis of rotation The movement of the pelvis consists of a rotation and a @ansl
tion. The combined movement can be expressed as a rotationcathehelical axis(screw
axis), which runs in lateral direction. The location of thigss was computed by considering
the overall movement of the antenna. For each measurenetdténal intersection of the
extrapolated antenna line with the antenna line of the eefs posture was considered as
the pivot point of the helical axis. If the movement of thehisd tuberosities with respect
to the inner surface of the skin can be completely attribtwelling without sliding, the
helical axis of rotation is located at the interface betwibenischial tuberosities and the in-
ner surface of the supporting skin. But if also sliding osgtine helical axis is at a different

height ¢).

Range of pelvisrotation Since7’ depends ony,, the maximum forward and the maxi-
mum backward rotation determine the rang& ofThese values are determined by specific
anatomical entities, such as such as the flexibility of tieelospine and the stiffness and

pretension of the involved muscle groups.

Pressure distribution data and image analysis The raw pressure data were converted
to the actual pressure values (Moes, 1999). From these liatmaximum pressurg,,
and the circular gradient were computed. The transversdiegriaand the positions of
the maximum pressure point were computed from the contaugiots (GPCP, G(eneral)
P(urpose) C(ontourline) P(ackage), implemented on a Gomain frame) (Batten and
Walters, 1971). The main control variables were (i) griegkiaal=0.5, (ii) eight cells are
used to compute the basic grid for the contour lines, (ighecells are used to compute the
‘interim gradient’, (iv) refinement for smoothing is 2. Thetaal algorithms are described

in the manual (Batten and Walters, 1971). Figure 3 shows ampbe of a contourline plot
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Noisereduction of the mirror images

(a) Image from the mirror box. (b) Same image after application of noise re-
duction.

(c) Same image showing only maximum pres-
sure areas.

Figure 12: Three stages of image processing.

where the first bit values, not relevant fgy, and the pressure gradient, have been omitted.
The original mirror box images (figure 12a) were processeed{am method) for noise
reduction (figure 12b) and increase of contrast (figure 1Pleg maximum contrast images

were used for the computation of the geometric centre.

Pressure gradient If the location on the support is defined by the carthesiamdinates,
z andy, and the third axis, perpendicular to the support planeesgmts the pressure as
a function of the location, then the resulting graph showprassure mountainy(x,y).
The gradientG, of the pressure is a continuous function, definepony): G(x,y) =

2 2
(%) + (g—’;) . The measured pressure distribution is always given aseetiisimage
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Pressure mountain

pressure
p(x.y)

pressure
gradient

B,=point of maximum pressure

B,=points of maximum pressure gradient

Figure 13: Two-dimensional lateral cross section of thesguee mountaip(x, y).

of the actual pressure distribution. Published investgat used various distances and
number of elements to compute the pressure gradient. Tlgegtds maximal where the
p(z,y) is steepest (Bin figure 13), zero at the top (B, and decreases outside the region
of the ischial tuberosities.

The ischial tuberosity area for sitting on a foam cushion,ve&gording to Aissaoui
et al. (2001), a more or less circular area of about 73,an a diameter of 9.5cm. For
sitting on a flat and hard surface this area is reduced. Iréksarch we selected an area of
5x5 elements, which represents a square regiornxd @m.

As a matter of fact a detailed description of the pressurdigna as a function ofz, y)
in the region of interest gives the highest amount of infdroma but such is not practical.
Therefore it was decided to apply data reduction so that thdignt distribution can be
represented by one typical figure. This was elaborated byrtetiods. Around the ischial
tuberosities the pressure gradient was computed accotalitige circular methodand the

transverse methodrhe circular method estimates an average of the magnitithe gra-
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Array for circular pressure gradient

Figure 14: The array df x 5 cells that was used to compute the circular pressure gitadien

dient over a square array pressure sensors of the presstiibution measuring device. It
assumes symmetry to the centre of the array. The transvargwdestimates the gradient
along a transversal line through the ‘pressure mountaamsl is obtained via measurements
on the contourplots of the pressure distribution.

The circular gradient was computed for an area wb%lements with the element of
maximum pressure in the centre. First the gradient is coatpiair each of the contributing
cells by fitting (least squares) a flat plane to an array>o8 &lements with the current ele-
ment in the center. Assuming the resulting normal vegter (z,,, y,, z» ), then the slope of
this plane with a horizontal plane equals:tan (zn/m). This slope corresponds
to the circular gradient of eleme(t, j).

To compute the average gradigft(r;) along a circle with the main element in the
centre, circles were drawn with the element of maximum presst the centre and the
radius equal to the distance to the measuring cells, seeefitir Thus five radii were
obtained. The smallest radius equals the heart-to-hestardie of two neighbouring ele-

ments,r; = d. In the pressure distribution measuring device- 1.2cm. The other radii
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arery = dv/2, r3 = 2d, 14 = dv/5 andrs = 2dv/2. In this 5x5 array each circle has
four elements, except radius 4, which has eight elements.ra@$ult is five partial circular
gradients:

GOy = S ImTPns gl = Y BT e

r1 j=Tns Ts5

Jj=1n
wheren; is the number of elements of a specific circle. The final cacpressure gradient

is defined as the average of these five circular gradients:

G¢ = %EGC (r) ()

The transverse gradient was obtained from the contourlimts pf the pressure distri-
bution at the lateral and the medial aspects of the maximwsspre areas, see figure 3.
For each of the two pressure areas a line was drawn througtwthenaximum pressure
points. Then the intersection points with the 10 kPa cotlittes were determined, lateral
and medial to the maximum pressure points. Finally the digtdetween the medial and
lateral intersection point&\s,, rignt, ASi rights ASm et ANAAsy . 11, Was determined, see
figure 3. The corresponding transverse pressure gradiehitsh were computed a8p/As

are calleda? GT

T T i i
Lright Gmoright' Gm.epr @NAGY . . The average lateral and medial gradients

and the total average transverse gradient are computed as:

GZT = % (GTl,right + GTl,left) (3)
ng = % (GTm,right + GTm,left) (4)
T = % (¢ +¢ch)
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