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Preface

Thisreport is part of alarger study on theinitial position and postura attitudes of driver
occupants. In thisreport we summarize the methods for measuring and describing the posture
of the seated occupant. In the vehicle laboratory we have devel oped the means for measuring
the position of the chest, pelvis and extremities. The mgor goa of this section was to describe
our methods for measuring joint angles and estimating the posture of the lumbar spine from
chest and pelvis position measurements of the subjects. Implementing these procedures on
subjects measured in our vehicle laboratory allows us to measure all joint angles of the driver
occupant and estimate the posture of the subject's spine while driving a production car. Thus
we can compare posture to subjective descriptions of the comfort of the car and seat. The
combination of subjective comfort ratings and objective posture measurements provides an
important feedback tool for the seat designer.
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The Initial Position and Postur al Attitude of Vehicle

Operators.
Posture

ABSTRACT

The posture, pressure and subjective responses of forty subjects (20 male, 20
female) were measured during two highway drives. Four video cameras were used to
measure targets on each subject in addition to measuring EMG and pressure in the seat
cushion and the seat back using pressure mats. Subjective questions were asked at specific
timeintervasor if the subject adjusted the seat or indicated they were fegling
uncomfortable. The goal of thisresearch was to compare the objective measurements to the
subjective comfort responses of the subjects. In this report we describe the posture of the
subjects during two different highway drivetests. During the fixed back drive, the seatback
angle was controlled at a 15° or 30° back angle, in random order, with subjects able to
control all adjustments on the 12-way power seats except back angle. During the free
comfort drive, subjects had full control over al of the 12 adjustments (6-way power sedt, 4-
way lumbar support, 2-way back angle). We found that compared to the SAE seat design
template, Oscar, all subjects sat with their hip joints significantly forward of the H-point and
that the point of maximum deflection (D-point) for the subjects was further forward and
with less penetration than that of the design template. Both males and females sat with
similar torso-thigh angles as that of the design template, but males sat with amore reclined
posture than females and with larger elbow angles. Compared to the design knee angle,
both males and females were significantly less than that of Oscar, with males having an
even smaller angle than females. Most males had the seat at the full rear-ward position,
which was probably afactor in their knee angle. The reclined (30°) seatback angle resulted
in the most upright posture, but we strongly suspect that this was maintained with

significant muscle activity in order to position the back and head to operate the vehicle.

©MSU, East Lansing, Ml



ERL-TR-95-009 Ergonomics Research Laboratory

The Initial Position and Postur al Attitude of Vehicle

Operators.
Posture
l. I ntroduction

The position of the human operator has been the most important parameter in
vehicle package accommodation for many years. For example, OSCAR, the SAE two-
dimensional template, is used as the primary design tool for seats and packages although it
was not designed nor intended for use in the design of seats. The geometry represented by
OSCAR is purely positiona with no real attempt on the part of the SAE committee
responsible for devel oping this tool to represent human posture in this 2D template. Within
the biomechanica and ergonomic literature, however, posture has been identified asa
parameter that needs considerable attention in the design of seats and control locations.

With the development of technology to take measurements of the motor vehicle operator on
the highway, the position and posture of the human operator can be empirically studied.
These new data can be used to design seats in different vehicle packages to support healthy
posturesin the vehicle operator.

Posture of the vehicle operator has been a theoretical parameter in seat design for
many decades. Many designers and engineers have thought, for example, that to support the
occupant in an erect posture, alumbar support must be present in the seat back. The
contour of the seat has also been used to suggest that posture was an important feature of the
seat design. However, posture is defined by the relative orientation of motion segmentsin
the human body and subsequently the seat must be very carefully designed so that the
occupant can Sit in adesired posture with seat support rather than muscle activity. The goal
of agood seat isto provide a structural system that supports the occupant in preferred
postures and the ability to sit in that posture without muscle fatigue. Thus, the quality of a
Seat to support “good”’ posture has two empirica tests:

1) Canthe occupant get into the desired posture?

2) Can the occupant stay in the desired posture without significant muscle activity?
These questions are only answered from measurements of people seated in the vehicle while
it is on the highway, either as passenger or driver. In the current investigation, we have
studied only the driver and developed a methodol ogy to quantitatively describe posture of
the driver while operating the vehicle on the highway.

A. Review of Critical Postural Problemsin Seated Automotive Occupant

In order to illustrate the relationship between occupant posture in the seat and seat
design in the vehicle, areview of the literature on seated posture and their representation in
the tools of seat design isneeded. There are several areasin which light on this problem
can be shed by reference to the literature, although the literature doesn't offer results that
define the appropriate design criteria. This body of literature concerning biomechanics,
ergonomics, back pain and comfort simply leads to the directions followed in the analysis of
the datain this report.
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In general, erect posture is defined by aforward rotation of the pelvisand an
accompanying lordotic curve of the lumbar spine. In contrast, aslumped posture is defined
by arearward rotation of the pelvis and an accompanying kyphotic curve of the lumbar
spine. However, when sitting, the pelvis rotates rearward and the lumbar spine tends to
flatten. When standing, the pelvis rotates forward and the lumbar spine tends to become
lordotic (thus the s-shaped curve of the spinal column seen in anatomical texts). Thus, the
erect sitting posture is not a natural consequence of sitting. Asaresult, severa investigators
have suggested that alumbar support is needed to help the body maintain what is
considered the more hedthy posture, erect sitting with alordotic lumbar spine.

Andersson [1] clams that an erect posture reduces el ectrical activity in the muscles
around the spina column and reduces the pressuresin the intervertebral discs as they
transmit the load of body weight through the spinal column. In contrast, Adams and Hutton
[2] point out, however, that the erect posture may lead to more osteoarthritis in the facet
joints and the dumped posture may lead to more annulus ruptures (i.e. aruptured disk). In
contrast to Andersson, Adams and Hutton propose that aneutral posture is the best for
gitting and lifting tasks.

Hall [3], however, points out some years prior to the research previoudy discussed
that good ergonomic seat design provides support for driversto vary their posture. In
addition to this capability in the design, joint angles should be optimally at their mid-range
position. Other suggestions that occur in the ergonomic literature concern the ability of the
worker to vary their position from sitting to standing throughout the period of activity.
Epidemiological research by Helitvaara[4] and Kelsey [5] on the incidence of back pain
and back problems leading to hospitalization anong professional drivers would support the
need for this changein position and posture in drivers. That is, they found that the severity
of back pain increases with increased length of timein the sitting position. Thus, the basic
principle that appears to be violated in automotive seating isthe inability of the occupant to
easily change posture in the seat while still maintaining afunctional position relative to the
controls and vision requirements to operate the vehicle.

Troup [6] pointed out that Sitting increases stress on the spina column. He
identified four causes of the mechanical stress: (1) postura stress; (2) vibratory stress; (3)
muscular effort; and (4) shock or impact. In avery thorough review of the literature, he
found ample evidence to support these four mechanical factors as being highly likely to be
the mgjor contributing factorsto back pain. Intoday’s automobiles, al four are possible,
but postural stress and muscular effort are the most likely mechanical causes of back pain
among drivers. Asthe suspension systems improve in both the vehicle and sedt, the effects
of vibration and impact/shock should diminish on the driver and passenger. However, there
isarelationship between posture and muscle activity independent of the driver operating the
vehicle.

Postural muscles in the back are used to maintain an erect posture in standing and
unsupported sitting. However, in the motor vehicle, the driver can recline againgt the seat
back and rest these postural muscles. Thus, the effect of muscle activity on the back should
be minimized in a seat that supports the back in areclined position. Andersson et a [7] and
Hosea et d [8] found that muscle activity is associated with seat inclination and lumbar
support. In genera, they found that a seat back reclined 120° with 5cm of lumbar support
(normal to the plane of the seat back) minimizes muscle activity and correspondingly disc
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pressure. Activities such as depressing the brake pedal or clutch increase back muscle
activity but most vehicles today are sold with automatic transmission and power brakes that
require less effort to operate. Thus, muscle activity would be primarily used to move the
body into position and/or to hold the body in a position that is not supported by the sedt.

Reed et a [9] conducted an extensive review of thisliterature and concluded that the
geometric fit between the occupant and seat is the most easily accommodated and may
result in the greatest improvement in seat comfort when compared to “feel’ and “ support”
parameters. These latter parameters primarily describe pressure distribution and contours
respectively inthe seat. Reed et a expresses the opinion that seat comfort is comprised of
fit, feel and support between the occupant and seat. They point out, however, that more
study of the actual seat/occupant interaction is needed to make significant improvements
from what has been recommended for the past fifty years. In generd, their review failed to
include the substantive role the seat suspension system (i.e. foam, springs, upholstery) plays
in the support of the seated occupant. They further failed to recognize the need to measure
the position of the occupant’s skeletal structure in the investigation of thefit, feel and
support in the seat. Their summary clearly points to the need for seats that support not only
the variety of body sizesin the driving population, but aso the variety of postures within a
single driver in the population. In general, however, they seem to fed that thereis
inadequate data at present to successfully meet these two goals.

The basic design criteriafor accommodating diversity in the driver population have
concentrated on the position and range of movement of H point rather than including
posture. H-point, acritical landmark in seat and package design, describes the location of
the hip joint in the two-dimensiona SAE template, commonly referred to as OSCAR. This
landmark has been used with the location of the heel and eye to represent the position of the
vehicle operator since the development of OSCAR in the late 1960's. The 2D templateis
based upon the combination of data from three sources. Geoffrey [10], Dempster [11], and
Stoudt et a [12]. Unfortunately, thislandmark has been mechanically used as the pivot for
the torso rather than the pivot for the thigh. Sincethetorso isnot arigid body, there are
many pivot pointsin thetorso. For seat design, the most important pivot point, however, is
the pivot point for the pelvissinceit lies at the location of the greatest |oad-bearing region
intheseat. The pivot for the pelvisis under the ischial tuberosities[13,14] and these
structures are the anatomical equivalent to the SAE D-point defined by OSCAR as the point
of greatest deflection in the seat cushion. Thus, through faulty biomechanical reasoningin
the design of OSCAR, the relationship between posture and position has been distorted.

The significance of this error can be seen in how the relative orientation of the
pelvis controls the amount of curvature in the low back. Many investigators have reported
this coupling phenomenon [15,16,17]. The relative orientation of the pelvis, however, is
not enough unless the seated occupant can relax in that position. Nachemson [18]
investigated how the curvature of the lumbar spineis stabilized. The skeletal system moves
as aresult of muscle contraction or the force of gravity acting on the passive body. When a
person sitsin an upright posture without support, only muscle activity isavailable to
stabilize the curvature of the spine againgt the force of gravity. Nachemson found that the
psoas muscle isaprimary stabilizing force in this activity, whether the person is sitting in a
sumped or erect posture. That is, if a seated operator sits erect, muscle activity stabilizes
this posture unless proper support in the seat isavailable. Likewise, if a seated operator sits
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in aslumped posture, proper support in the seat is necessary to minimize the level of muscle
activity to maintain this posture. Asaresult, the design of seats to support the body in
different postures defined by the relative orientation of body segments in the seated person
requires adesign that considers not only the size and shape of the body, but aso the location
of the body’ s segmentsin the seat.

The most critical point in defining the location of the body in the seat is D-point. In
this context, however, D-point isthe ischial tuberosity, not the point on OSCAR that
represents the greatest deflection of the seat cushion. D-point is the location of the greatest
pressure in the seat and the greatest deflection of the seat. These parameters describe the
location of the point at which the greatest proportion of body weight is transmitted into the
seat cushion. As stated previously, D-point in this new definition is the location of the
pelvic pivot point that isacritical point in defining pelvic orientation and consequently
lumbar curvature.

In contrast to the relationship of D-point to the seat, H-point is one of the most
critical pointsin defining the location of the body in the vehicle. Associated with H-point is
the location of the eye and hedl that in combination are used to define packaging of the
occupant in the automobile environment [19]. Thetools that have been established for this
packaging activity have also been used for seat design. SAE documentation of these tools
clearly states that they are “...not to be construed as instruments which measure or indicate
occupant capabilities or comfort” (p 34.[27, 20]). Despite this admonition to the contrary,
all seat designers use these tools for lack of something better. The two-dimensional
template is used to design the seat and the three-dimensional H-point machine is used to
evauate the seat. Neither of these tools correctly estimates the shape of the back nor
include any postural datathat assists the design in comfort and health design decisions. The
scientific basis of these tools rests on previously mentioned work by Geoffrey [10],
Dempster[11], and Stoudt et al.[12].

Comfortable joint angles, on the other hand, are based upon theoretical
recommendations by Rebiffe [21] and Babbs [22] along with the empirical experience of
the packaging engineer. These angles are primarily for the jointsin the arms and legs and
they correspond interestingly to a prediction of joint angles under weightlessness conditions
by Kennedy in 1964 [23]. Thesejoint anglesadl lie near the mid-range position of each
joint. There are, however, no numerical recommendations for the orientation of the motion
segmentsin the spine. Severa authors [13,24] have recommended the erect posture of the
spina column and comfort while others [2,16] have recommended aneutral posture of the
spina column for comfort and health.

In conclusion, the posture of the vehicle operator is an important parameter in the
design of the vehicleinterior and seat. The human body is extremely adaptable, but aswe
have learned from the ergonomic lessons of the 20th century, it is aso easily harmed by the
abuse of this adaptability in product design. Thus, it isimportant to study the functional
posture as well as the “functional anthropometry” [19] of the human vehicle operator.

Since this has been defined as an important problem that needs investigation, we must
consider when during the operator’ s time behind the whed! is the appropriate period of
study. Thereisaclearly defined difference between the “showroom” and “driver” opinions
of vehicle performance and comfort. With this distinction, we need to identify in aresearch
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environment, the equivalent period of timeto “driver” behavior that can serve asthetime
period during which we investigate the vehicle operator’ s posture.

B. Modal Position in Seat and Occupant Posture

Real drive situations produce stress on the vehicle operator to maintain an
appropriate functional position and posture to drive the vehicle. In aseat buck, there are no
consequences for moving out of adriving position, and the level of aertnessis much lower
for the driver. Posture and position relative to seat support should provide a*“relaxed”
driver who can concentrate on operationa activitiesin the vehicle. Asaresult, area
driving laboratory [25] is necessary to study operator position and posture under red-life
conditions that produce their own levels of stress on the operator to perform at a normal and
safe level of vehicle operation.

Sinceredl drive situations occur over time, it is necessary to define a period of time
during which occupant posture will be investigated. It isimpractical to investigate driver
posture continuoudy and there are apparently different cyclesto the driving period that need
to be considered. For example, if avehicle operator is behind the wheel of anew vehicle
that he/she has not driven before, thereis aperiod of acclimation that must be considered.
That is, the driver must become accustomed to the idiosyncrasies of the vehicle and it takes
aperiod of timeto learn where the optimal seat position islocated for each driver. After
thisinitial acclimation period is over, we assume that the driver behaves in arepresentative
manner regarding seat position and his’her posture in the seat. To define the period of time
that we want to measure the optimum level of comfort the driver experiencesrelative to the
vehicle package, we define amodal position.

The modal position is defined as the longest period of time during which the seet is
not adjusted [25]. The time from beginning to end of the modal position is the modal
period. The datato define posture were measured at the beginning and end of the modal
position. Thus, the origina question regarding the position of the occupant in the seat can
be investigated relative to the posture of the occupant at the beginning and end of the modal
period. The changein posture from beginning to end is an approximation of the ability of
the occupant to remain in their preferred position but it does not document the time-based
history of changes that occurred from the beginning to the end of the modal period. Since
some of the drivers had amodal period of 60 minutes, the change recorded in two
measurements does not adequately document the history during the modal period. To
investigate the history of body movement in and out of the seat during the modal period, a
continuous video recording was made and analyzed with the results reported in the technical
report on driver comfort [26].

The relationship between modal position of seat and occupant posture is defined by
the two separate conditions: joint anglesin the leg and spina posturein thetorso. These
two parameters define body segment positions between hedl, h-point and eye--the functional
driver landmarks necessary for proper occupant packaging in the vehicle. Between heel and
H-point are two joints and two links that should be positioned in or near to their mid-range
joint position for comfort and health. Between H-point and eye lies the pelvis and spinal
column. The models of spinal posture and pelvic orientation clearly define geometric
relationships that can increase or minimize the stress on the soft tissue that holds the eyein
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the driving position defined within the SAE “eyellipse.” The relationship between seat
position and occupant posture crosses the boundary between functional measurements of
preferred occupant position of the seat and the preferred occupant posture in the seat as
measured by biomechanical representations of the skeletal linkage system and occupant
comfort. Thetask for the present investigation was therefore to link these two sets of
measurements to describe the position of the occupant and the change of position of the
occupant as he/she experienced comfort or discomfort in the seat while driving the vehicle.

C. Problemsfor the present report.

As described in the previous sections, the most healthy seated postures are
considered to be elther erect or neutral. The question for any investigation of driver posture
isthen to measure the posture of the driver. Thus, doesthe driver Sit in either an erect or
neutral posture? This question differs from whether the occupant can get into his/her
preferred posture in the seat. Furthermore, it raises avery subjective question regarding
whether the seat design should only support one posture or should it be designed to support
multiple postures. However, for the present report, the first task is simply to document the
posture that each subject is sitting. To document this posture, we will present joint angles,
pelvis orientation, D-point and H-point locations, and lumbar curvature.

Joint angles are defined by the included angle between adjacent skeletd links.
Video anthropometry measurements are made of targets on the body’ s skin surface over
palpable landmarks on the arms and legs. These landmarks are well defined but they
contain abias since the landmarks are not inside the joint. For joint angles, however, itis
assumed that this biasis negligible and the angle is a close approximation of the joint angle.

Pelvis orientation largely determines lumbar curvature and is measured in the
present study with data from a pressure mat and video anthropometry [27]. We locate the
occupant’s D-point and H-point from external body measurements. The pelvic ischium (i.e.
the anatomical equivaent to D-point) on the pressure mat defines the location of the pelvis
inthe XY plane. Welocate the anterior superior iliac spine (ASIS) in the video
anthropometry data to define the location of the pelvisin the XZ plane. H-point is
calculated from amodel based upon the relationship between ASIS and pelvic ischium. D-
point is defined as the greatest concentration of pressure under the buttocks. We estimate
lumbar curvature using amodel of the spine described in the spina report [42].

These parameters are investigated to describe posture at the beginning and end of
the modal period. Changesin posture between these two measurement events represent the
only quantitative change in posture we measured. We investigated body motion (i.e. body
language) during the modal period to evaluate the change in posture hypothesis and its
relationship to comfort [28]. The results of the investigation into body movements during
the modal period are presented in the technical report on comfort [26].

By collecting data on drivers operating the vehicle on the highway, we created a
reverse engineering problem. Seats are designed around the SgRP in a manufacturer’s
design position. Drivers, on the other hand, use the seat where it best fits their geometric
needsin the vehicle package. Asaresult, reporting the datain an external axis system
includes the displacement of the seat that accommodates differencesin body size and
preference in the driver population. To mathematically remove these extraneous driver
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effects from the data so that the results are comparable to the original design, we used a
reverse engineering procedure to physically measure the seat and transform its location for
each operator back to the design position. Asaresult, we created a design window that
reports the range of positions used by the 40 driver subjects and defined arange of variation
about the design position that describes how well the H-point machine estimates the actual
position of H-point in the driver. The same information was needed to estimate the location
of D-point in the driver for comparison with the location of D-point by OSCAR. The
results are presented so that comparable data are available to the designer aswell asfor
future studies of different vehicle packages.
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II. Methods

A. Equipment, Subjects and Data Collection Procedures

We sdlected 40 subjects according to their age, sex, and stature to drivein this
investigation of driver position, posture and comfort. Each subject drove the vehicle three
times. Thefirst drive was a 20-minute acclimation drive for the subject to become
accustomed to the vehicle, ride tech, instrumentation, and clothing. We controlled back
angle in the second drive with areclined back angle of 30° and an upright back angle of 15°
(fixed back drive). For thethird and last drive, each subject had complete control of the 12
power features in the seat (free comfort drive). The seat wasan AM6 W seat with a six-way
power adjuster, four-way power lumbar, and atwo-way power recline. Theridetech satin
the back seat (right rear) and operated the computer that was used to collect data during the
drive while the driver operated the vehicle.

We collected data from video cameras, pressure mats, position and angular
transducers in the seat, and electromyography (EMG) el ectrodes attached to the subject’s
back. The video anthropometry system consists of an array of video cameras used to
measure the location of targets on a subject while they drove the automobile [29,30]. The
pressure mats were placed under the upholstery in the seat back and cushion [29]. Seat
position transducers were attached to the power memory cables[25]. The position of the
EMG eectrodesis described in the experimental protocol report [29].

All datawere collected according to either afixed protocol or when the driver
adjusted the seat. The fixed protocol specified that the data be collected at 0, 30, 45 minutes
of each of two legs of the fixed back drive and at 0, 30, 90, and 120 minutes on the free
comfort drive. If the driver adjusted the seat after the 30 minute data collection time, then
the ride tech was to collect data and wait until the seat was adjusted again, 60 minutes or the
end of the drive, whichever camefirst. The reduction of al data has been described in
previous reports [25,29,30].

B. Data Analysis

1 Video Anthropometry System

The video anthropometry system utilized four video cameras strategically located on
the passenger side of the vehicleto fully record the complete outline of each driver, without
regard to body size or seat position in the vehicle. Each camerahad a4.8mm auto-irislens,
anotch IR filter, and an IR LED system that was turned on when the images were collected.
This video system was devel oped for this study and utilized software to digitize the images
developed at MSU in the Department of Computer Science for this project [29,30]. Images
from al four cameras were collected at specified times, either according to the protocol or
by occupant seat movement, and stored on a hard disk for off-line analysisin the |aboratory.

The total number of images, the number of useable images and the number of
targets that could be used were analyzed to determine sources of problemsthat lead to either
poor image quality and thus loss of data or problems that resulted in the loss of specific
targets. For example, when driving under an overpass, the camerairises open, thus an
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image set taken immediately after the car is through the overpass is overexposed, making
those images usaless. The ride-techs decided if image quality was sufficient; however, they
had to view the image on an LCD screen that did not adequately represent the image
quality. Theride-techswere usually able to determine over or under exposure and re-take
theimage. However, they usually could not identify individua retro-reflective targets on
the LCD monitors. For example, the shoulder belt often covered the chest targets leading to
aloss of datafor those landmarks. Since individual targets were usually not visible on the
LCD images, the ride-techs often did not recognize these as missing targets.

The errors of the video anthropometry system were analyzed in threeways. The
absolute error of the camera measurement system was determined by using the video system
to measure the 3-D positions of 69 known points within the field of view of the camera
array [11]. Theresults of thiserror analysis are summarized in the results section. We also
investigated the difference between three trained individual s locating the same retro-
reflective targets on the same set of images. Since the true positions of the targets were not
known, the measurements errors were estimated by comparing the Euclidean distances
between retro-reflective targets. In addition we examined the consistency of locating the
same retro-reflective targets on a subject but at different time frames. Again, thetrue
positions of the targets were not known; thus, we estimated the errors by comparing the
Euclidean distance between sets of two targets that were both attached to the samerigid
body (for example, the distance between the knee target and ankle target).

2. Pressure Mat Data

Equipment

Pressure Mats. Two types of Tekscan pressure mats were used. A 381mm x
457mm mat with 5Smm x 5mm sensors on 10mm centers was used to measure pressurein
the automobile seat. The upholstery on the driver seat was modified so that the large
Tekscan pressure mat could be placed between the foam and the upholstery so that subjects
could not see or feel the pressure mat. Two smaller pressure mats were used to measure the
pressure of subjects seated on ahard seat. The smaller pressure mats were 112mm x112mm
with 1.2mm x 1.2mm sensors on 2.5mm centers. The two fine-grid pressure mats were
fixed to a hard seat so that when a subject was seated, one pressure mat would lie below
eachischial tuberosity. The smaller pressure mats allowed a more exact measurement on
the inter-ischial tuberosity distance for each subject. The inter-ischial tuberosity distanceis
required for the semi-automated detection of theischial tuberosities on the larger pressure
mat.

Data analysis procedures

Fine-Grid Pressure Mat Data on the Hard Seat. The pressure data from the fine-
grid pressure mats was concentrated under the ischial tuberosities due to the fact that the
subjects were seated on ahard seat. The pressure pattern consisted of a high-pressure
plateau surrounded by arelatively steep pressure drop in all directions. We assumed that
theischial tuberosities were located at the centroid of the largest closed region of high
pressure val ues.
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The pressure data was smoothed using a Gaussian mask to remove the effects of
isolated high pressure points. All data below athreshold of 50% of the maximum value
was removed. The largest connected component was assumed to be the area of contact with
theischia tuberosity. The centroid of the largest connected component on each mat was
assumed to be the best estimate for the location of the ischia tuberosity.

The distance between ischial tuberosities was computed by knowing the distances
between the pressure mats and the distances between each cell of the pressure mats. The
inter-ischia tuberosity distances for our subjects were compared to data available in adata
base described by Reynolds, et al [42].

Large Pressure Mat on a Soft Seat.

The large pressure mat has a coarse pressure grid (10mm x 10mm) and thus the
corresponding pressure map requires smoothing and interpolation. We accomplished this
by using a bivariate interpolation technique, described below.

Bivariate I nterpolation. In this section we describe our approach for
reconstructing a smooth surface from arbitrary triangulations of unorganized 3D points
using a bivariate surface reconstruction method. The interpolating function on each triangle
isafifth-degree polynomial. The approach preserves the advantages of Garcias [44]
approach and has the advantage that the reconstructed surface has C* continuity across the
boundaries of neighboring triangles. Interpolation of zvaluesin atriangle by abivariate
fifth-degree polynomid in x and y wasfirst used by Akima[45]. Our approach differsfrom
Akimasfor two reasons. First, we compute the triangular mesh using an efficient
incrementa agorithm [46]. Thistriangulation scheme can handle an arbitrary number of
unorganized 3D points. Second, we improve the accuracy of the estimation of the partial
derivatives using least squares fitting.

A triangular mesh is obtained by applying an efficient incrementa algorithm
described previoudly [46], the problem of surface reconstruction is transformed into a
smooth gpproximation of theirregular triangular mesh for the control points.

Let Q beasimply or multiply connected bounded domain in the (x;, x2)-plane with
the boundary I'. " congists of afinite number of smple closed polygons T (i=0,...,r); "1,

Iy, ...T lieinside o and do not intersect. Let M = { TA } be atriangulation of the set

Q=Q0T,i.e aset of afinite number of triangles having the following properties: open
triangles are digointed, the union of closed trianglesis Q and any two adjacent triangles
have either a common vertex or acommon side.

Let us consider atriangle T with vertices Py, P, P3. Let p(xi, o) be afifth degree
polynomial:

5 5-i .
PO %) = 3 3.3 @
i=1j=
To determine such a polynomial we need 21 conditions. We choose them in the following

way:

» Thevalues of the function and itsfirst-order and second-order partial derivatives are
given at each vertex of thetriangle. Thisyields 18 independent conditions.

* The partial derivative of the function differentiated in the direction perpendicular to
each side of the triangle is apolynomial of degree three, at mogt, in the variable
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measured in the direction of the side of the triangle. Since atriangle has three sides, this
assumption yields three additional conditions.
It can be shown that the interpolated values are C* continuous across the boundaries of
neighboring triangles [45].

Estimation of Partial Derivatives. The partia derivatives at each vertex of the
triangular mesh are estimated using orthogonal polynomias. Two-dimensiona discrete
orthogonal polynomials are constructed over the neighborhood of each vertex. The partial
derivatives are then derived based on these polynomials.

The discrete orthogonal polynomial basis set of size N has polynomials from degree
zero through degree N-1[47]. Let P,(r) =r" +a _,r"*+..+ar +a, bethe nth order
polynomial. P,(r) can beconstructed if P)(r)...P,_,(r) have been defined. P, (r) must be

orthogonal to each polynomial P,(r)...P,_,(r). Hence we have the n equations
2P (r)(r"+a _r"*+. . +ar +a,) =0, k =0,...n -1 2

Theunknowns a, ..., a,_; can be obtained after solving the above linear equations. Two-

dimensional discrete orthogona polynomials can be created from two sets of one-
dimensional discrete orthogonal polynomials by taking tensor products.

Next, we construct two-dimensional discrete orthogona polynomiasover a
neighborhood. Let Rand C beindex sets satisfying the symmetry condition r O Rimplies
that -r 0 R and c OC impliesthat -c OC. We assumein each neighborhood of (R, C), the
pressure distribution takes the form of the sum of the two-dimensiona discrete orthogonal
polynomials {P,(r,c),...R_,(r,c)}.

For each pair (r,c), wherer [JRand c [J C, let apressure value f(r,c) be observed.
The exact |east squares fitting problem is to determine coefficients k,...,kn-1 such that

= 2 (f(r,0)- ZKP(r 0))* &)

(r c)R,C)

isminimized. The solutions are

zrDR,ECR(r’C)f(r’C)

erIR,ECPiZ(r!C) @

ki:

Each k; isalinear combination of the pressure values. Appendix A showsthe kernels for
estimating the coefficients ky, ko,...,kio Of the bivariate cubic:

d(r,c) =k, +k,r +k,c +k,(r* —=2) +k;rc +k,(c* -2)

+K,(r® =34r) +ky(r* —=2)c +k,r(c® -2) +k,(c® -3.4c) ®)

ina5 x 5 neighborhood [48]. Once the fitting coefficients have been computed, the
estimate for any derivative at any point can be obtained. In Appendix B we show that by
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controlling how the triangulation is refined, the approximate solution converges to the exact
solution.

Locating theIschial Tuberosities

Our method for locating the ischial tuberosities from the smoothed coarse-grid
pressure mat data is a semi-automated technique that requires the inter-ischial tuberosity
distance obtained from the hard seat measurements. The pressure data from the large
pressure mat is first smoothed using the methods described above. The smoothed pressure
surface isthen interpolated onto a 1mm X 1mm grid and the resulting data stored in an
image format (PGM) for later analysis.

The smoothed and interpolated pressure data was displayed in a gray-scale (0-255)
format, with high pressure corresponding to white. Software was developed for locating the
peaksin auser-defined areaof interest. A best estimate of the area containing each of the
ischia tuberositieswas outlined. All local peaks within each of these areas were
determined based on the sum of thefirst partial derivatives of the pressure surface at each
point. Under ided conditions, the local peaks within the outlined areas were highlighted
and the two peaks that most closely matched the inter-ischia tuberosity distance measured
in the hard seat were marked. Since an exact match of the inter-ischia tuberosity distance
was expected to be rare, we used amargin of error where the distance was no less than the
measured minus 2mm and no greater than the measured plus 8mm. The margin of error
was skewed to the larger side due to the fact that in a soft seat, the pressure mat is no longer
astraight line between the ischia tuberosities, but has some curvature to it due to seat
deformation. If abest-fit was found it was displayed on theimage. If the estimate was
reasonabl e the coordinates of the two points were saved to afile. There were severa other
possible scenarios that required further input:

1. No peak located in one of the outlined areas and one peak found in the other
outlined area. In this case the single peak found on one side is assumed to be
oneischial tuberosity and the area on the opposite side was manually searched
for the most probable location of the highest pressure area, constrained by the
arc that defines the inter-ischial tuberosity distance.

2. No peak located in one of the outlined areas and multiple peaks located in the
other outlined area. In this case abest estimate of the correct peak was
subjectively selected from the multiple peaks, and the opposite peak was
determined as described above.

3. No peak located on either side. The user isforced to estimate the approximate
location of one of the ischia tuberosities and then locate the opposite one
congtrained by the inter-ischia tuberosity distance for that subject.

4. Multiple peaks located on both sides but none meet the inter-ischia tuberosity
distance requirement. This condition did not occur with our data. However, if it
had, the user would have been forced to estimate one of the ischia tuberosities
and then locate the opposite one the inter-ischial tuberosity distance for that
subject.
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Pressure Mat | mage Quality

Image quality of the pressure mat data was subjectively evaluated to determine if
pressure mat quality is affected by specific measurable variables such as hip breadth or
subject sex. Pressure mat image quality was evauated in a subjective manner on ascale
from 0-5, with O being the lowest quality image and 5 the highest quality image based on
the ease with which the ischial tuberosity pressure points could be discerned from the
surrounding pressure data. We investigated the relationship between image quality and
subject sex, and hip breadth.

3. Estimation of Pelvis Position through Multiple M easurements

In this report, we propose an approach to estimate the pelvis position of adriver
using multiple measurements. We consider the pelvisto be arigid object and determineits
position by the anterior superior iliac spine (ASIS) point and the left and right ischial
tuberosity (ISCH) points. We obtain multiple measurements of these three points from
different positions of the driver. Then we develop a minimum variance estimator to
estimate the 3D coordinates of the ASIS point and ISCH points based on the above multiple
measurements.

The quantitative description of pelvis position isimportant for understanding driver
posture, relating posture to comfort and therefore improving automobile seat design. Asa
rigid object, it is sufficient to determine pelvis position using three landmarks. In our
approach, the right anterior superior iliac spine (ASIS) point and the left and right ischial
tuberosity (ISCH) points are chosen. In generd, these landmarks follow the
recommendations by Cappozzo [31], which are

1. Therelative movement between markers and underlying bone due to soft tissue
deformation is minimum.
2. Thedistance between markersis sufficiently large.

We have also developed an efficient method for estimating the 3D coordinates of
the above three landmarks on a subject in anatural driving position. A 3D data acquisition
system based on stereoscopic perception is used to derive the 3D position of theright ASIS
[30]. InFigure 1Jwe show a picture obtained by one of the camerasin our stereo system.
The landmarks are outlined using dark curves.

The positions of the ISCH points are located using the pressure distribution system
at the occupant-cushion surface [32]. The pressure measurement is obtained from a sensor
mat which consists of 43x 48 pressure sensors, each sensor being 1 sq cm. A bivariate
polynomial function is used to reconstruct the pressure distribution based on the scattered
sensor data, as described above. The ISCH points are the peaks which are the local maxima
inall directions. Figure 2 shows a pressure distribution on a seat surface and the peaks
found by our approach.
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Figurel The landmarks are detected and outlined us ng dark curves (one of
the targetsistheright ASIS.)

However, these estimations are not perfect and suffer from various measurement
errors. Aswe reported in [30], the errors of 3D coordinates obtained from our 3D data
acquisition system is approximately 1 part per 500 or 0.2 percent of the field of view. These
errors can come from various sources, such as camera calibration, lens distortion
and stereo correspondence. The accuracy of the ISCH positionsis limited by the sensor
resolution. There are other factors such as presence of the tissue and clothing which will
also affect the estimation.

There are two ways to improve the estimation of the pelvis position. Oneisto
increase the number of external markers. Thisturns out to be very difficult. First, in order
to create a natura driving environment, the measurement hasto be non-invasive. Secondly,
the visible portion of the pelvis of adriver isvery limited because most of it is occluded by
the seat and back cushion.
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Figure2 The pressuredigtribution at the occupant-cushion surface. The detected
peaks are marked with dark crosses. The pressure value is proportional to the brightness.

An dternative method is to utilize redundant information from multiple
measurements of the same object. In our driving experiments, each subject goes through a
two-hour drive with video and pressure data collected at specific timeintervals. Thiswhole
data set not only records the motion of the pelvis, but also provides the necessary
information to improve our estimation. Besides the data from the drive, we aso take the
measurement of the subject's pelvisin thelab. Inthelab, the right ASIS point is measured
using a 3D electro-goniometer that is accurate to 0.3 mm and the ITCH points are found by
afiner resolution pressure mat [33]. We also include the data from the lab to improve the
estimation of pelvic position.

One of the key problemsin many dynamic tasksisthat of minimizing at a certain
time a criterion that depends upon measurements that have been made previously, aswell as
upon some measurements that we are currently performing or will perform. For the sake of
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efficiency, it isimportant to avoid going over the compl ete minimization process each time
anew measurement is performed. It isaso important to have an idea of how the next
measurement will change the current estimate of the quantities with respect to those that we
areminimizing. Those ideas are centra to the theory of the Kalman filter [34].

The Kaman or extended Kalman filters are widely used in the problem of tracking
an object in sequences of images or in sequences of stereo frames[35, 36, 37, 38]. Inthis
report, we consider the pelvis as the object we want to track through multiple
measurements, so smilar Kalman filter techniques can be used. Unlike many computer
vision problems, where the tracking is performed in a two-dimension to two-dimension
fashion, if amonocular image sequence is used or atwo-dimension to three-dimension if
stereo frames are used, our problem is athree-dimension to three-dimension one.

In this report, we describe a minimum variance estimator to estimate the pelvis
position through multiple measurements.

Dynamic M odel

Assume we have m sets of measurement of apelvisasshownin Fig. 3. For each
measurement i, we obtain the three dimensional coordinates of the right ASIS point and two
ISCH points. We denote the 3D coordinates of the right ASIS point, the right ISCH point
and the left ISCH point at measurement i in alocal coordinate system O, as X1 X2 and X3
respectively. The transformation between different local coordinate systemsi and k can be
expressed using the following formula:

Xij = Rix Xgj + Tik (6)

Our goal isto improve the estimation of the pelvis position based on the X;;, where
i=1,...,mandj=1,...,3 corresponds to each point on the pelvis. Inthe case of driving, itis
reasonabl e to assume that a driver's pelvis undergoes a trand ation on the seat surface plane
and arotation aong the line of the left and right ISCH points. This motion model is
illustrated in Fig. 4 where P is the horizontal seat surface plane, Aistheright ASIS point, B
istheright ISCH point and C isthe left ISCH point.

Reference position

We first define the reference position for apelvis. Then, we transform each
measurement to the coordinate system where the reference position is obtained through a
rigid body motion.

Thereference position is defined as shown in Where thepointsA,B & C
correspond to the ASIS, right and left ischial tuberosities, respectively. The origin isat the
mid-point of the two ischial tuberosity points and the Y -axisis defined as the line from the
right to the left ISCH point. The Z-axislies on the plane defined by the three points A, B &
C.

Next we show how to transform a measurement to the reference position coordinate
system. Let the points B and C be the right and left ISCH points respectively, A be the right
ASIS point, and P be the plane determined by the points A, B and C asshownin Fig. 4. Let
Xi; bethe jth point in ith measurement. The transformation has three steps. Firstly, we
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rotate the pelvis along the z axis (with angle a) to make the line BC have the same direction
asthey axis. Secondly, we rotate the pelvis along the y axis (with angle [3) to make the
plane determined by the right ASIS point and two ISCH points be vertical to the horizontal
plane. Findly, we trandate the pelvisto the origin of the reference position coordinate
system. Let Xr;; be the reference position of jth point from the ith measurement. We have

Xr; = R; Xi’j +T; (7

WhereRi :Rgi Rai and

cosp, 0 snpg
Rgi = 0 1 0
-snpB, 0 cosp
cosa; -—-sna; O
Raei = |sSna, cosa; O

0 0 1

in which a; and 3; are the rotation angles along z and y axis respectively.
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Figure3 Multiple measurements of a pelvis. Each measurement is based on alocal

coordinate system. The transformation between local coordinate systems can be done using
arotation matrix and atrandation vector.
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Figure4 Reference position for the dynamic model. Originisat the mid point
between the two ischial tuberosities, z-axis lies on the plane defined by points A, B & C,
with point A vertical to pointsB & C.

Minimum variance estimator

In this section, we present a minimum variance estimator to estimate the pelvis
position from multiple measurements. Suppose that an observation vector y isrelated to a
parameter vector m by an equationy = Am+ &y, where &, isarandom vector with zero
mean, E(3,) = 0, and covariance matrix 'y = E(8, 8,). The unbiased, minimum variance
estimator of m (i.e., that minimizes E || - m|)) is the one that minimizes

(v-Am)' (M) (y - Am) (8
(see, e.g. [39]). Theresulting estimator is
m=(A (M)A ATy y )

where the error covariance matrix is estimated by
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Mg= E(M@-m(m-m) = (Atl'y‘lA)‘l (10)
With anonlinear problem, the observation equation becomes

y=f(m)+ o (11)

where f(m) isanonlinear function. As an extension from the linear model, we minimize

(y - f(m)" (Fy) 'y - () (12)

In other words, the optimal parameter vector mis the one that minimizes the matrix-
weighted discrepancy between the computed observation f(m) and the actua observation y.
At the solution that minimizes equation(), the estimated m has a covariance matrix

= E(m-m)(m-m)’
. {o"f(rﬁ)r_lo"f(rﬁy}_ (13

dm 7Y JIm

One of the advantages of this minimum variance criterion isthat we do not need to
know the exact noise distribution, which is very difficult to obtain in most applications.
The above discussion does not require knowledge of more than the second-order statistics
of the noise distribution, which often, in practice, can be estimated.

Objectivefunction
For each point j, we have the 3D coordinate X ; in the reference position coordinate

system. Let X, be the 3D coordinate of point j in the reference position coordinate system

based on ith measurement. According to the discussion in the previous subsection, we get
the obj ective function for a minimum variance estimator as follows.

min %i (X, =X )Ty (X, =X,) (14)

OX ] i 15 1 3

where N isthe number of measurements, n isthe number of points, and misthe collection
of motion parameters (R, T;) which transform the measurement in the local coordinate
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system to the reference position coordinate system. The matrix [Fl J expresses the

covariance for the jth point at the reference position from the ith measurement.

The above objective function (14) is neither linear nor quadratic, and an iterative
algorithm isrequired to get asolution. The dimension of unknown parametersislarge.
Thus, adirect optimization isimpractical. Our two procedures play a central rolein
resolving this problem.

First, a closed-form solution for motion between alocal coordinate system and the
reference position coordinate system is computed. Suppose we are given N corresponding
points (pi,pi') which obey the relationship of

p'=Rpi+T (15)

The problem is: given equation (15), find Rand T. The (p;,pi') are 3D coordinates of points
on the surface of therigid body in motion. It iswell known that three noncollinear-point
correspondences are necessary and sufficient to determine Rand T uniquely.

Equation (15), when expanded represents three scalar equationsin six unknown
motion parameters. With three point correspondences, we will get nine nonlinear equations.
Iterative methods can be used to obtain the "best' fits of the six unknowns. However, itis
possible to get stuck in theloca minima

Blostein and Huang [40] use linear adgorithms by observing that equation (15) is
linear in components of Rand T. Given four correspondences, (pi,pi")i=1234, We have the
following linear equation:

P Py Pu limg| | py
Po Poy P2, 11y, _| P2 (16)
Ps Py Py 1)1y Pa
Pax Pay Py 1)1 P'ax

Similar equations can be obtained to solve (ra1, r22, 23, 31, 32, 33, 12, t3). The
linear method uses four points instead of the minimum of three required for uniqueness. To
overcome the problem of supplying the linear method with this extra point correspondence
a pseudo-correspondence’ can be artificially constructed on the basis of rigidity of the body.

The second is to eliminate iteration on the structure. The gradient-based search is
only applied to motions, because given each candidate set of motions, the best structure for
equation (14) can be directly computed in a closed-form [41] by combining equations (7) &
(14) to get:

X, = (Zrry R {ZURrZ RIRX +T)p} 7

j i=1
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Theinitia estimate for the reference position is obtained asfollows. Thethree
points for a given measurement (X1, Xiz, Xi3) are rotated and trandated (see equation (16)),
until they correspond with the points A, B & C asillustrated in Thus, for each
measurement position, aninitial R and T; can be estimated, with each measurement having
three points A, B; & C;. Using equation (17), theinitia reference position is obtained by
using theinitial estimates for R and T; and the initial measurements X; ; to determine
(Xr1,Xr2,Xr3), which correspond to the initial reference positions for the ASIS, right and left
ischia tuberosities, respectively.

Theinitia reference position is used to determine anew set of rotation and
trandation matrices (R and T; ), by minimizing the objective function in equation (14),
using asingle step in a gradient-based search that holds (X1,X2,Xr3) constant. The R and
T, are incrementally changed during the singleiteration of the search solution for equation
(14) and the new R, and T; are used in equation (17) to obtain a second reference position
(Xr1,Xr2,X13) estimate. The processisrepeated tentimes. Thefina R and T; are applied to
the final reference position for (X;1,Xr2,X3) to obtain the best estimate for the pelvis
position for each pelvic measurement.

4, Comparing Pelvis M easurementsto Design H-Point and D-Point L ocations

L ocating H-Poaint in the Seat Coordinate System. The design location of H-
point for the 1995 Chevy Luminawas obtained from full scale drawings supplied by
Delphi. Inaddition, one of the vehicle laboratories was evaluated using an H-point machine
and Vectron at General Motors Corporation to measure the location of H-point.

The design coordinates for H-point are at (3140, 452) mm (X=horizontal and
Z=vertical coordinates, respectively) using the SAE defined automobile coordinate system.
The measured location of the H-point machine was at (3114, 452) mm. Thus the measured
location was 26mm anterior to the design location of H-point. The differences are probably
due to the extended track installed in the vehicle [aboratories.

All position data collected in the vehicle laboratories are in a coordinate system
based on the seat bolts and the seat track of the vehicle. The seat track has an incline of 7.5°
relative to the vehicle x-axis. The seat coordinate system used in this study was located so
that the origin was at the top center of the right rear seat bolt. The X-coordinate was
defined as positive parallel to the seat track in the anterior direction. The Y -coordinate was
positive going from right to left (Figure 5} and the Z-coordinate was the cross product of X
andY.
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Figure5 Seat Coordinate System.

Design drawings were used to determine the location of the seat bolt with respect to
the car coordinate system. Thetop center of the bolt was located at (3098, 237) mm relative
to the car coordinate system; thus, the position of the design H-point was 42mm behind the
rear seat bolt and 215mm above it. The measured location of H-point was 17mm behind
and 215mm above the rear seat bolt.

Converting H-point L ocation to the Seat Coor dinate System. The seat
coordinate system is defined with the X-axis positive from the rear bolt towards the front of
the vehicle, while the SAE vehicle coordinate system is opposite. The H-point positionis
only reported with respect to the X-Z plane of the vehicle. TheY-coordinateisvery
sengitive to the dimensions of the subject, thus we did not eva uate the location of H-point
with respect to the Y -axis.

The design and measured locations of H-point were expressed relative to the seat
coordinate system by calculating the vector from the rear seat bolt to the respective H-point
positions and rotating it by 7.5°. The design H-point is at (-13.6, 218.6) mm and the
measured H-point isat (11.2, 215.4) mm with respect to the seat coordinate system.

Comparing Subject Hip Joint to H-point Machine M easurement. The subject
hip joint locations were determined as previously described. The seat positions were known
for each video and pressure mat measurement, thus the measured location of the hip joint
could be adjusted to the design position of the vehicle.

Fore/aft position corresponds to pure X-trandation in the seat coordinate system.
Rear riser height corresponds to a vertical trandation along the Z-axis. The difference
between the front riser and rear riser corresponds to the rotation of the seat pan about the
rear riser. The distance from the origin of the seat coordinate system to the rear riser is
68mm posterior to the origin and the distance between front and rear risers are 250mm. The
distance from the origin of the seat coordinate system to the top of the rear riser when the
seat isin the rear-most and down position is 53mm (.

The seat riser mechanisms have acomplex movement pattern that can be simplified
by the assumption that the position of the seat isindependent of the sequence of riser
adjustments and that the equivalent seat position can be achieved by raising both front and
rear risers simultaneously followed by an adjustment of the front riser. Thus, we assume
that the rotation is aways about the rear riser.

We tested these assumptions and found that for a point at the center of the seat
surface, errors between actual measurements and estimated position did not exceed 5.2mm
for the entire range of seat motion. The greatest error occurred when both risers were at
their highest position, and the smallest errors were when both risers were at their lowest
positions. Further investigation revealed that these errors were caused primarily because the
risersdid not travel perpendicular to the track, but deviated from the perpendicular asa
function of the height of the oppositeriser. Instead of modeling this complex motion, we
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elected to use the smpler mode and accept that our average error would be between Omm
and 5mm. For any seat position where riser height was below half of the full height, the
error was below 3mm. Since the majority of subjects did not raise the seat beyond half of

the riser height, we fedl using the smpler model isjustifiable.
With the seat in the rear-most and most downward position, the rear seet riser isat

the point (-67.4, 53) mm relative to the seat coordinate system. During the H-point machine
measurement, the seat was moved forward 40mm and up 20mm relative to the rear-most
and most inferior seat position with respect to the standard SAE vehicle coordinate system.
To determine the seat position relative to the seat coordinate system, the vector (40, 20) was
rotated 7.5° resulting in the seat positioned at (42.2, 14.6) mm. Thus, during the H-point

machine measurement, the top of the rear riser was located at:

Rear Riser = (42.2, 14.6) + (-67.4, 53) =(-25.2, 67.6) mm
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The relationship between the H-point machine measurement of H-point and the location of
asubject'shipjoint is determined as follows:

1) Remove the effect of trandation of the seat.

Let R be the position of the hip joint of a subject relative to the seat
coordinate system. Let Xggr and Zgrr be the fore/aft position of the seat and the
height of the rear riser, respectively and Zgr be the front riser height. Then the point
of interest on the seat islocated at r, relative to the rear-riser in design position is:

r=R- (XRR -674,Zgr + 53)

2) Remove the effect of rotation of the seat (i.e., the difference between front and rear riser
height). The angle of the seat rotation is:

0 = atan((Zrr - ZrRr)/250)
Rotating r into the seat position with both front and rear risers parallé:
r'=[M@]r

Where [M(0)] isthe rotation matrix required to rotater by theangle© and r'
isthe vector from the rear riser to the subject's hip joint if the front and rear
riserswere a equa heights.

3) Trandate the vector r' to the seat located at the design measurement position. As stated,
above, the rear riser was located at (-25.2, 67.6) during the H-point machine measurements.
Thus, relative to the seat coordinate system, the subject's hip joint is at:

h=r'+(-252, 67.6)

Thus, comparing H = (11.2, 215.4) to the calculated value for h for each subject is one
method for comparing the H-point machine measurement of H-point to the "user" location
of their hip joint.

L ocating D-Point. The design location for D-point isat (3172, 348) mm. The
measured location of H-point was 25mm anterior to the design location. We assumed that
the measured location of D-point can be determined by a simple trandation of the design
position; thus the measured location of D-point is assumed to be at (3147, 348) mm.

The origin of the seat coordinate system is at (3098, 237) mm,; thusin the SAE car
coordinate system, the vector from the rear seat bolt to D-point is (-49, 111). Converting
this to seat coordinates, the measured location of D-pointisat (-34.1, 116.4) mm. The
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relationship between D-point and the location of asubject'sischial tuberosity is determined
asfollows:

1) Remove the effect of trandation of the seat.
Let D be the position of the ischia tuberosity of a subject relative to the seat
coordinate system. Let Xgr, Zrr and Zrr be as defined earlier. Then the point of
interest on the seat islocated at d, relative to the rear-riser:

d=D- (XRR -674,Zgr + 53)

2) Remove the effect of rotation of the seat (ie the difference between front and rear riser
height). The angle of the seat rotation is:

0 = atan((Zrr - ZrRr)/250)
Rotating d into the seat position with both front and rear risers parallel:
d'=[M(0)] d

Where [M(0)] is the rotation matrix described previoudly and d' is the vector
from the rear riser pivot to the "users' ischial tuberosity location.

3) Trandate the vector d' to the seat design position. As stated, above, the rear riser was
located at (-25.2, 67.6) during the H-point machine measurements. Thus, relative to the seat
coordinate system, the subject'sischia tuberosity is at:

d" =d' +(-25.2, 67.6)

Locating the Eye. Thedesign location for the X and Z datum intersection point of
the eydlipseisat (3148, 1085) mm in the SAE car coordinate system. We used the design
location of the eyellipse even though the H-point machine measured H-point as being
25mm forward of design, we assumed that the effect on the eyellipseis negligible.

The origin of the seat coordinate system is at (3097, 241) mm,; thus a vector from
the top of the rear seat bolt to the eyellipse is (-51, 844) mm in the SAE car coordinate
system. Converting thisto seat coordinates, the measured location of eydlipseis at (59.6,
843.4) mm. The relationship between the design position of eyellipse and the location of a
subject's eyeis determined as follows:

1) Remove the effect of trandation of the seat.
Let E be the position of the eye of a subject relative to the seat coordinate
system. Then the eye point, e, relative to the rear-riser is:

e=E- (XRR -674,Zpr + 53)
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2) Remove the effect of rotation of the sedt (i.e., the difference between front and rear riser
height). The angle of the seat rotation is:

0 = atan((Zrr - Zrr)/250)

Rotating e into the seat position with both front and rear risers parallédl:
€ =[M(0)] e

Where [M(0)] isthe rotation matrix defined previoudly.

3) Trandate the vector € to the seat design position. As stated, above, the rear riser was
located at (-25.2, 67.6) during the H-point machine measurements. Relative to the seat
coordinate system, the subject's eye point is at:

e =€ +(-25.2, 67.6)

Thus, comparing E = (59.6, 843.4) mm to the calculated value for €' for each subject isone
method for comparing the eyellipse to the "users' eye location.

5. Orientation of lap belt contact points on the pelvis.

Ideally the lap belt lies below the ASIS of the driver/occupant of any vehicle. If a
person's posture istoo slumped, then the chances for "submarining” (occupant sliding under
the seat belt) increase in the event of an accident. There are two contact areas on the pelvis
that can act to hold the lap belt to the pelvis. Thefirst isthe ASIS-AlIS line; the second is
the ASIS-Notch angle (see Figure 7).

The orientation of these contact areas can be determined from existing pelvic data
[42]. The pelvisorientation in this report will be described relative to the line from ASISto
the ischial tuberosity (Figure 7). Using the data on the ASIS, AllS and the ASIS notch
found in reference [42], the angle between the ASIS-ischia tuberosity line and the ASIS-
AlISlineis-13.3° while the angle between the ASIS-ischia tuberosity line and the ASIS
notch is +12.2° (negative angle is counter-clock-wise). The orientation of these structures
will be reported with respect to gravity (verticd line) for the modal position of the driver.
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ASIS-AIIS vector angle
from horizonta

12.2°

Notch angle from
horizontal

Figure7 Angle of pelvic landmarkswith respect to lap belt contact points.

6. Body Linkagesand Joint Angles

The body was divided into linkages that are listed and defined in Angles
between the various linkages as well as angles relative to the coordinate axes are defined
below. The definitions are summarized in [Table 2Jaswell asillustrated in the figures
below.

The neck angle was defined using two methods ([Table 2jand Figure 8). The angle
formed by the eye-neck target- hip joint was projected onto the XZ plane and defined the
Neckl angle. The angle formed by the eye-shoulder target-hip joint was projected onto the
XZ planeto define the Neck2 angle.

The trunk angle was also determined using two methods ([Table 2Jand Figure 9).
The angle between the Z-axis and the XZ projection of the line from the neck target to hip
joint defined the Trunk1 angle. The angle between the Z-axis and the XZ projection of the
line from the shoulder target to the hip joint defined the Trunk2 angle. The reason for
examining two definitions for this angle was the need to investigate the stability of the
shoulder joint for defining trunk orientation. The current Oscar design template uses the
shoulder joint and hip joint to define trunk angle; however, the shoulder joint can move a
great deal without any trunk motion occurring. Thus, in this report we will investigate the
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relationship between shoulder joint and the shoulder-neck junction as means for defining
trunk orientation. Both of these angles are reported as positive if the body isleaning
backward, and negative if the body isleaning forward.

Linkage Name Linkage Definition

Headl Eye Point-Neck Target

Head?2 Eye Point-Shoulder Target

Upper Arm Shoulder Target-Elbow Target

Forearm Elbow Target-Wrist Target

Trunkl Neck Target-Hip Joint

Trunk2 Shoulder Target-Hip Joint

Thigh Hip Joint-K nee Target

Shank Knee Target-Ankle Target

Shoulder Link Neck Target-Shoulder Target

Sternum Suprasternale Target-Lower Sternum Target

Pelvis ASIS Target-Ischia Tuberosity

Tablel Definitions of body linkages from target and anatomical landmark

measur ements.

Joint/Angle Name Joint Angle Definition Figure
(Angle Between the following points/lines/linkages)

Neckl Angle Eye-Neck-Hip (2D-XZ plane) Figure

Neck2 Angle Eye-Shoulder-Hip (2D-XZ plane) Figure

Trunkl Angle Neck-Hip Lineand Z axis (2D-XZ plane) Figure 9

Trunk2 Angle Shoulder-Hip Line and Z axis (2D-XZ plane) Figure 9

Shoulder Y Slope (Y Z) Neck-Shoulder and Y axis (2D Y Z plane) Figure 10

Shoulder Y Slope (XY) Neck-Shoulder and Y axis (2D XY plane) Figure 11|

Arm Anglefrom vertica | Shoulder-Elbow and Z axis (2D XZ plane) Figure 10

Elbow Joint Angle (2D) Shoulder-Elbow-Wrist (2D XZ plane) Figure 10|

Elbow Joint Angle (3D) Shoulder-Elbow-Wrist (3D) Figure 10

Hipl Angle (2D) Neck-Hip-Knee (2D XZ plane) Figure 9

Hip2 Angle (2D) Shoulder-Hip-Knee (2D XZ plane) Figure 9

Hip2 Angle (3D) Shoulder-Hip-Knee (3D) Figure 9

Thigh Angle Hip-Knee (2D XZ plane) Figure9 |

Knee Joint Angle (2D) Hip-Knee-Ankle (2D XZ plane) Figure 8

Knee Joint Angle (3D) Hip-Knee-Ankle (3D) Figure 8

Shoulder Angle Elbow-Shoulder-Hip (3D) Figure 11|

Thigh Splay Hip-Knee and X axis (2D XY plane) Figure 11]

Calf Angle Knee-Ankle and X axis (2D XZ plane) Figure 8

Calf Splay Knee-Ankle and X axis (2D XY plane) Figure 11|

Table2 Joint angle definitions.
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The hip angle was also defined using two methods. The neck-hip joint-knee were
projected onto the XZ plane with the angle between them defining Hipl angle. The angle
between the shoulder-hip joint-knee defined the Hip2 angle (Figure 9). The Hip2 angle was
reported as a 3D angle aswell as 2D (projecting the lines defining the angle onto the XZ
plane).

z
A

Neckl Angle

Neck2 Angle

y J
Knee Angle

Caf Angle

> X
Figure8 Neck Angle Knee Angleand Calf Angledefinitions. All linesare
projected onto the XZ Plane. The knee angle was reported as both a2D and a 3D angle.

Trunk1 Angle |
| Trunk2 Angle
\ Hip2 Angle
L Thigh Angle

Figure9 Trunk and Hip Angle definitions. All lines are projected onto the XZ
plane.
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The shoulder angle was defined as the angle between the elbow-shoulder-hip joint
(Figure 11). The shoulder slope was described relative to both the Y Z and the XY plane.
The line from neck-shoulder targets was projected onto the Y Z plane, with the angle from
the Y axis defining the shoulder Y Z-slope (Figure 10). The neck-shoulder line was
projected onto the XY plane with the angle from the Y -axis defining the shoulder XY -dope
(Figure 11).

The knee angle was defined using hip joint-knee-ankle targets. Both the 3D and 2D
angleswere calculated. For the 2D angle, the lines were projected onto the XZ plane and
the angle between them defined the knee angle (Figure 8).

y

Caf Splay

= X

Projection of
Cdlf line
onto XY plane

Neck/shoulder
junction

Shoulder

Shoulder Point ﬁ Y Z slope

Elbow Angle

Arm Angle

> v

Figure 10 Calf Splay, Arm angle, Elbow angle and Shoulder YZ Slope definitions.
All lines are projected onto the plane used to illustrate the angle.
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Figurell Shoulder XY-Sope, Shoulder Angle and Thigh Splay.

7.

distance from the X-position of suprasternale relative to the pelvic coordinate system

Angle of the shoulder
with the X Axis
k (Shoulder XY Slope)

Ergonomics Research Laboratory

Shoulder Angle

Thigh Splay

Thigh line
projected onto
XY plane

The 3D elbow angle was defined using the shoulder-elbow-wrist targets. The 2D
elbow angle used the projection of the lines onto the XZ plane (. Theangle
between the Z-axis and the shoulder-elbow line defined the arm angle (projected onto the
XZ plane) (Figure 10).
The thigh angle was defined as the angle formed by the thigh link and the X-axis
(projected onto the XZ plane) (Figure 9). Thisangleis positiveif the kneeis higher than
the hip. Thigh splay angle was defined as the angle from hip joint-knee and the X-axis,
projected onto the XY plane (Figure 11}. Thethigh splay angleis positive if the kneeis
further from the midline than the hip. Calf splay was defined similar to the thigh splay. The
angle from the knee-ankle line and the X-axis, projected onto the XY plane, defined calf
splay (Figure 10). The calf splay angleis positiveif the ankleis closer to the midline than
the knee.

Lumbar Spine Posture

In aprevious report [43] we described a method for predicting the curvature of a
subject's lumbar spine given the position of the chest relative to the pelvis. The lumbar
curvature can be estimated using either the chest-pelvis angle as shown in Figure 12]or the
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(Figure 12). The most accurate method for estimating a subject's lumbar curvatureisto
determine the regression equation between the chest-pelvis angle and the lumbar curvature
or the regression equation between Suprasternale’ s X-position and lumbar curvature. Both
methods provide similar estimates for the lumbar curvature, but the average of the two has
been shown to be the most reliable [43]. Appendix A of reference [43] liststhe regressions
equationsfor al drive and lab subjects. Thus, in thisreport, the lumbar curvatures of drive
subjectswill be estimated using these regression equations.

Suprasternale
X-position

Chest-Pelvis
Angle

Xpdvis Xpdvis

Figure12 Pelvic coor dinate system, chest angle, spinal height and spinal length.
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[l Results
A. Video Data Reduction

Target Vishbility

In order for the three-dimensional position of atarget to be determined it must be
visiblein at least two video cameraimages. In the frequency with which targets
were visible in any combination of camerasislisted. For example, the neck target was
visible on cameras 1, 2 and 4 atotal of 396 times out of a maximum of 448 images while it
was only visible on the combination of cameras 1 and 2 atotal of 4 times out of 448 images.
The sternum?2 target was not visible on any camera combination 293 out of 448 images
(65%).

In Table 4]the frequency for which atarget was visible by all combinations of two
cameras are listed. From this data we can determine the camera pair best suited to viewing
each target and the camera pair that provided the most data. For example, for the shoulder,
cameras 1, 2 and 4 made the greatest contribution to locating the shoulder target while
combinations with camera 3 made little contribution to locating that landmark.

Not Visible on|Camera|Camera|Camera|Camer a| Camera|Camera|Camera|Camera|Camera|Camera|Camera
any camera 1,2 1,3 2,3 1,2,3 14 24 124 34 134 | 234 [ 1234
eye 86 4 1 37 3 4 82 37 17 3 138 36
neck 6 12 0 0 0 5 4 396 0 0 0 25
shoulder 7 4 0 0 1 10 3 291 0 0 0 132
sternum2 293 51 0 40 1 0 18 37 0 0 4 4
supra- 176 56 0 86 6 0 32 74 0 0 13 5
sernale
elbow 31 0 0 18 0 0 75 0 78 0 236 10
wrist 7 3 0 27 0 0 47 175 0 1 94 94
RASIS 52 2 1 54 1 2 70 26 19 1 153 67
knee 15 0 0 20 0 0 59 12 30 0 243 69
ankle 237 0 3 1 0 11 0 0 187 9 0 0
Table3 Frequency targetswerevisiblefor all camera combinations. There were

atotal of 448 video anthropometry images.

Error Analysis

In this section we describe the errors of the video anthropometric system. The
absolute (Euclidean) error in locating the 3-D position of 69 known landmarksis
summarized in the frequency distribution shown in The absolute error is usualy
less than 3mm, but the error can be as large as 5.5mm.

The effects of different individuals using the 3DAQ software to locate targets were
also examined. Threeindividuals examined the same set of images for one subject. The
average link length and standard deviation of the link lengths are given in[Table 5lfor each
of the three examiners. In addition, the average and standard deviation of each link lengthis
given for al three examiners. The smallest standard deviations were for the Suprasternale-
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sternum targets, while the largest differences between examiners occurred at the RASIS-
knee and Suprasternale-RASIS targets.

Cameras | Cameras | Cameras | Cameras | Cameras | Cameras

1&2 1&3 1&4 2&3 284 3&4

(%) (%) (%) (%) (%) (%)
eye 17.9 9.6 17.9 47.8 65.4 43.3
neck 96.7 5.6 95.1 5.6 94.9 5.6
shoulder 95.5 29.7 96.7 29.7 95.1 29.5
sternum?2 20.8 1.1 9.2 10.9 14.1 1.8
Suprasternae 315 2.5 17.6 24.6 27.7 4.0
elbow 2.2 2.2 2.2 58.9 71.7 72.3
wrist 60.7 21.2 60.3 48.0 91.5 42.2
RASIS 214 15.6 214 61.4 70.5 53.6
knee 18.1 15.4 18.1 74.1 85.5 76.3
ankle 0.0 2.7 4.5 0.2 0.0 43.8
Table4 Frequency targetswerevisiblein each camera pair. Asapercent of the

total of 448 video anthropometry images.
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Figure 13 Measurement errorsof the video anthropometry system.

©MSU, East Lansing, M1

35



ERL-TR-95-009 Ergonomics Research Laboratory
Individual Knee- [Acrom.- |Elbow- [S.Strn- |RASIS |S.Strn- |S.Strn - |Door - (Whed-
Examiner Ankle |Elbow [Wrist [Strnm [Knee RASIS |Neck |Whed |[A-pillar
A Mean | 421.10] 27294 255.00 42.63] 392.66| 314.16| 143.14| 390.79| 248.26
St Dev. 4.69 2.05 2.28 2.70 13.39 19.41 254 1256 3.21
B M ean NA| 27273 255.28 4249 390.21] 313.86] 142.24| 387.78 250.88]
St Dev. NA 2.36 2.43 1.15 12.11 18.24 287 711 1.90
C Mean | 415.60] 27299 255.19 41.73] 390.64| 314.97| 14217 NA NA
St Dev. 6.38 2.98 2.44 1.00 12.47 18.89 0.97 NA NA
AB,C Mean | 417.85] 273.02] 255.11 42,28 39042 314.33] 142.51| 388.98] 249.76
St Dev. 5.29 2.37 2.19 1.61 11.83 16.33 203 821 2.68
Tableb Link length comparisonsfor threeindividualsusing the 3BDAQ software

to measurethe sametargets on theimage setsfor one subject.

The errorsfor individual subjects were estimated by comparing the link lengths for
the drive images of every subject. For example, during the free drive a subject may have six
sets of video anthropometry images recorded. The link lengths were averaged and the
absolute difference between each link length measurement and the average was used as an
estimate of the measurement error. The absolute error estimates for each link length were
then averaged to provide an estimate of the error associated with agivenimage set. The
frequency of errors was then determined (Figure 14). Therewere atotal of 454 image sets,
with 82.8% of the error estimates less than 5mm .
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The average absolute errors are given for body segments as well asvehicle
landmarksin The largest error estimates are for the RASIS-knee link length, which
has an average absolute error of 6.7mm, with 20.2% of the image sets having differences
greater than 10mm. Thefact that thisisnot arigid link explains part of thislarge error.
However, most of the errors were small, with the Suprasternae-sternum link having an
average absolute error of 1.5mm and 100% of the image sets having error estimates of less
than 10mm.

Number of Measurementsin
Error Leve Error Category (N =454) Per cent
Err <5mm 376 82.8
Err <7mm 427 94.1
Err <10mm 448 98.7
Err >10mm 6 1.3
Table6 Error estimates from 454 video anthr opometric measur ements.
Knee- (Shldr- [Elbow-|S.Strn- |RASIS-[S.Strn- |S.Strn- (Door - (Whesd -
Ankle |Elbow |[Wrigt [Sternum|Knee |RASIS [Neck |(Whed |Apillar
Ave AbsErr (mm) 3.6 2.5 2.7 15 6.7 5.9 2.6 2.7 18
St Dev (mm) 4.2 3.5 2.3 1.3 5.7 54 3.9 2.2 14
Count 209] 4200 421 146 397 135 146 80 114
%Err <5mm 78.0%| 90.7%| 87.6%| 97.9%| 45.8%| 53.3%| 88.4%| 85.0%| 97.4%
%Err <7mm 88.0%| 96.0%| 96.0%| 99.3%| 62.2%| 71.9%| 94.5%| 95.0%| 99.1%
% Err <10mm 93.8%| 98.3%| 99.3%| 100.0%| 79.8%| 85.2%| 95.9%| 98.8%] 100.0%
% Err >10mm 6.2%| 1.7%| 0.7% 0.0%| 20.2%| 14.8%| 4.1%| 1.3%| 0.0%
Table7 Summary of error estimatesfor body segmentsand fixed car

landmarks.

B. Pressure Mat Analysisand Pelvis L ocation

In this section we describe the analysis of pressure mat data and the location of the
pelvisrelative to the car seat. For the pressure mat datawe will describe the quality of the
pressure data regarding the ability to determine the location of the ischial tuberosities. The
quality was rated on a5 point scale with 0 being poor and 5 high quality (for locating peak
pressure under the ischial tuberosities). The results are summarized in This
subjective analysis reveas that it was easier to determine the ischia tuberosity points on
males (p=.005). We speculated that hip-breadth may be afactor and analyzed the regression
of pressure mat image quality versus hip-breadth. Ther® = 0.12, indicating that hip-breadth
isonly weakly correlated to pressure mat image quality.

There are three variables we will describe regarding the location of the pelvis: the
hip joint location of subjects compared to H-point; the ischial tuberosity location compared
to D-point and the angle of the pelvis relative to the Z-axis of the camera coordinate system.
The H-point window isillustrated in Thisisthe areathe H-point will occupy if
the seat is moved throughout the range of seat motion and H-point stays in a constant
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Figure 15 Hip joint locationsrelative to the H-point Window. Dataisfor the
beginning of the modal period of the free drive.
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Figure 16 I schial tuber osity locations compared to the D-point window. Dataisfor
the beginning of the modal period of the free drive.
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position relative to the seat. The measured position of H-point from the H-point machineis
also illustrated in Figure 15]along with the male and female hip joint locations at the
beginning of the subject's modal position.

Thetravel of D-point (D-point window) isillustrated in the design
position of D-point (adjusted for the extended track) isaso illustrated in the same figure.
Thelocations of theischia tuberosities are shown for males and femaes. For comparison,
the H-point window and the location of H-point as measured by the H-point machine are
alsoillustrated.

The datain the previous two figures are not adjusted for seat position. The H-point
and D-point information are al given relative to the camera coordinate system (which isthe
same as the seat coordinate system). In the following two figures we correct for seat
position so that the subject's pelvis measurements are trand ated and rotated to the position
the seat was placed for the H-point machine test. This provides a means for comparing the
location of H-point and D-point to the subject's hip joint and ischia tuberosity, respectively.
FFigure 17]illustrates the position of H-point as measured with the H-point machine
compared to the position of each subject'ship joint. Thedatain are for the
beginning of the modal period.

In Figure 18]the position of D-point is compared to the subjects ischial tuberosity
location. The datain Figure 18|are for the beginning of the modal period. The subjects’ hip
joint and ischial tuberosity positions were mapped back to the design position of the seat
using the methods described in Section Il of this report.

P-Mat Image Quality | Hip Breadth
F Ave 2.4 39.9
F Std 1.3 2.4
M Ave 3.4 37.7
M Std 0.9 3.1
Table8 Average pressure mat quality and hip breadth for malesand females.
Hip Joint Hip Joint End  |Isch Tub Beginning| Isch Tub End
Beginning
X Z X Z X Z X Z

F ave 874 | 219.2 86.9 2193 | 795 148.2 79.3 148.7
FStdev | 220 224 15.7 21.8 314 22.6 26.9 21.7
M Ave | 85.2 231.8 81.7 234.2 | 904 153.6 86.3 146.9
M Stdev| 26.9 16.3 31.9 13.9 43.1 174 46.4 43.1

Measured H-Point Measured D-Point
X yA X Z
11.2 2154 -34.1 116.4
Table9 Hip joint and ischial tuberosity average location and standard deviation

for the beginning and end of the modal position.
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Figure17 H-point compared to subject hip joint locations, adjusted for seat
position at the beginning of the modal period in thefreedriver.

250
f——
|| \
’700 \
/ N
P A Measured H-Point
€ WA o | ]
£ - O
Y 156 méé = o D-Point
2 O x A O
z m] Oa
N A A A Female Isch Tub
A 7
100 O Male Isch Tub
Undeformed Cushion
50 | (Poly Line)
T T © T T T T
-150 -100 -50 0 50 100 150 200 250 300 350 400
X Axis (mm)
Originisat theright rear
seat bolt

Figure 18 D-point compared to subject ischial tuberosity locations, adjusted for
seat position at the beginning of the modal period of thefreedrive.
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In Figure 19]the average hip joint and ischial tuberosity locations for males and
femal es are compared with the measured H-point and D-point. The center line contour of
the seat isaso illustrated in the figure to provide aphysical reference to the sest.

The average location of male and female hip joint centers and ischia tuberosity
locations are summarized in [Table 9lfor both the beginning and end of the modal position.
able 9includes standard deviations as well as the measured position of H-point and D-

point.

1000
960
+
800
706
B Measured H-Point
666 D-Point
A Average Female Isch Tub
O Average Male Isch Tub
A Average Female Hip joint
506 O Average Male Hip Joint
Average Female Eye Pt
_ Average Male Eye Pt
Z Axis (mm) + Eyellipse XZ Inter Pt
400 Undeformed Cushion (Poly Line)
300
200-| B 2 TN
.
160
fal
-200 -100 0 100 200 300 400
X Axis (mm)

|Origin isat the right rear seat bolt|

Figure 19 Average hip joint and ischial tuberosity locations compar ed to H-point
and D-point at the beginning of the modal period of thefreedrive. The average eye
points are also illustrated for males and females, with the XZ intersection of the eyellipse
shown for reference.
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A line from the ASISto the ischid tuberosity defines the pelvisangle. The angles
are relative to the camera coordinate system and were adjusted for seat pan tilt. The pelvis
anglesfor males and femaes areillustrated in showing the distribution of pelvic
angles at the beginning and end of the modal period of the free drive. There isasignificant
difference between males and females with regard to the pelvic angle (p < 0.04) for both the
beginning and end of the modal period. On average, females had their pelvistilted further
forward than males, with an average of 12.9° compared to the male average of -2.1° at the
beginning of the modal period (Table 10}. The lumbar curvature is discussed in the next
section.

The pelvic angles were examined with respect to the comfort classification of each
subject at the beginning and end of their modal period (CC, UU and CU/UC). The CC
subjects are clustered near a zero pelvic angle while UU subjects have their pelvestilted
further forward and CU/UC subjects have their pelvis angle spread between erect and

slumped postures (Figure 21).

PdvisAngle PelvisAngle Lumbar Curvature
(corrected for seat pan | (not corrected for seat
tilt) pan tilt)
Ave Std Ave Std Ave Std
(deg) (deg) (deg) (deg) | (rad/SH) | (rad/SH)
Beginning F 12.9 16.8 11.5 14.5 -0.29 0.64
Beginning M -2.1 17.3 -1.6 16.2 0.20 0.95
End F 134 15.9 11.8 13.2 -0.43 0.54
End M -5.3 194 -2.7 17.9 0.08 0.92
Table 10 Pdlvisangleand lumbar curvatureat the beginning and end of the

modal period.

During the free drive, subjects changed their pelvis position at least 130 times (out
of 40 drivers), for an average of 3.25 pelvis position changes during the drive. This
estimate is low, since there were several times during the drive when either pressure data or
video data was not available to measure the pelvis. Out of the 130 measurements, the
average changein pelvis angle was 4.7° + 2.4° and the range of pelvis angles (minimum
pelvis angle subtracted from the maximum pelvis angle) during a drive averaged 10.9°
+6.7°. Thedistribution of the pelvis angle changesis shownin Most of the
angle changes were |less than 4°, however, 35 (27%) of the pelvis angle changes were larger
than 6°. The distribution of the maximum change in pelvic angle during the free driveis
shownin Data on pelvic angle was available on 34 of the subjects, 12 had a
changein pelvis angle greater than 10° during the free drive.
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Figure 20 Distribution of pelvic anglesfor beginning and end of the modal
position.
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Figure2l Pelvic angle at the beginning and end of the modal period of thefree
drive.
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Figure 22 Frequency of changesin pelvic anglefor thefreedrive.
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Figure23 Distribution of the maximum pelvic angle change during thefreedrive.

Pelvis Angle During Fixed Seatback Drive

Pelvic angles for the fixed back drive are summarized in [Table 11[and Figure 24
Males sat with their pelvis more reclined than females, but the differences were not
statistically significant. In the distribution of pelvic anglesisillustrated. More
subjects had their pelves reclined while the seatback angle was smaller (more upright). This
result was not expected and will be discussed in the next section.

Pelvis Angle (Deg)

Ave St Dev
Males Upright -4.5 19.3
Females Upright 6.2 13.3
Males Reclined -3.1 20.0
Females Reclined 55 14.5

Table11 Pelvisanglesfor the upright and reclined seatback drives
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Figure24

(Top=Upright, Bottom=Reclined)

Lap Bet and the ASIS-AlIISNotch

Ideally the lap belt lies below the ASIS of the driver/occupant of any vehicle. If the
person's posture is too slumped, then the chances for "submarining” (occupant sliding under
the seat belt) increase in the event of an accident. There are two areas below the pelvis that
can act like a"hook™, holding the lap belt to the pelvis. Thefirstisthe ASIS-AlISIline, the
second is the ASIS-Notch angle (see Figure 7). The orientation of these lap belt contact
areas are given in[Table 12] In general, the ASIS-AlIS line has a negative angle with
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respect to the vertical (gravity) line. The more negative the angle, the greater the likelihood
of submarining. The ASIS-notch angle is positive on average, indicating that the likelihood
of submarining is smaller if the lap belt is securely beneath the ASIS-notch.

PdvisAngle ASISAIISLine ASIS-Notch Angle
ASISIT Line Relativeto Gravity Line| Relativeto Gravity Line
Relativeto Gravity Line

Ave Std Ave Std Ave Std

(deg) (deg) (deg) (deg) (deg) (deg)

Beginning F 4.0 14.5 -9.5 14.5 16.2 14.5
Beginning M -9.1 16.2 -22.4 16.2 3.1 16.2
End F 4.3 13.2 -9.0 13.2 16.5 13.2
End M -10.2 17.9 -23.5 17.9 2.0 17.9

Table12 Orientation of lap belt contact points during the beginning and end of
the modal position.

C. SpinePosture

Estimating the spine posture of a subject requires that the sternum position be
known relative to the pelvis. From [Table 3|it can be seen that the sternum landmarks were
often not visible by at |east two cameras. The three-dimensiona coordinates of the sterna 2
landmark were not visible in 65% of the images and the Suprasternale was not visible in
39% of theimages. Asaresult, the ability to estimate lumbar curvature was limited to
those images that at |east had the Suprasternaetarget visble. The number of lumbar
curvature estimates for the modal position was reduced to nine complete sets of data.

The average lumbar curvature at the beginning of the modal period was -.29+.64
radiang/spine height (SH) for females and 0.20+0.95 rad/SH for males. At the end of the
modal period the lumbar curvatures became more lordotic (erect) with females having an
average of -.43+.54 rad/SH and males an average of 0.08+.92 rad/SH. The differences
between maes and females were not statistically significant, but on average, females had
dightly more lordotic lumbar spines for the free drive. The distribution of lumbar
curvatures is shown in Figure 25]for the beginning and end of the modal period. The
differences between the beginning and end of the modal period were small. The
distribution of lumbar curvaturesis shown for males and femalesin Figure 26for the
beginning of the modal period. The distribution of lumbar curvatures for the different
comfort categoriesis shown in In all figures the units of lumbar curvature are
rad/SH.

The change in lumbar curvatures between consecutive posture measurementsis
shownin The curvature changes are small between consecutive postures,
however, if postural data was missing between two data collection periods, no changein
lumbar curvature was cal cul ated.

©MSU, East Lansing, M1 47




ERL-TR-95-009

Ergonomics Research Laboratory

Frequency

-1 -0.8

<== FErect

mBeginning
mEnd

-0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1
Slumped ==>
Lumbar Curvature (Rad/SH)

Figure 25 Lumbar curvature at the beginning and end of the modal period.
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Figure 26 Lumbar curvatures of male and female subjects at the beginning of the
modal period.
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Figure 27 Lumbar curvaturefor each comfort group.
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Figure 28 Changesin lumbar curvatureduring the freedrive and the frequency
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The data for the upright and reclined drives are summarized in The
average lumbar curvature was more lordotic for the reclined drive than for the upright drive
(p=0.047). Maeshad greater lordotic curvatures than females athough the differences
were not statistically significant. Both sexes had greater lumbar extension with the seat
back reclined. These results were the reverse of what was expected. We suspect that the
reclined seat back position was too reclined, requiring the subjects to modify their posture in
order to see through the windshield. These results will be discussed in more detail in the
discussion section of this report.

The distribution of lumbar curvaturesis given for the upright and reclined drivesin
The reclined drive had abimodal distribution, with one peak near zero and the
other near -2 rad/SH. The upright driveis closer to anormal distribution, with most of the
postures near zero rad/SH.

The female and male results are illustrated for the upright drive in Figure 30Jand for
the reclined drivein For the upright drive, the male distribution is bimodal with
alarge cluster near zero and a second peak at about -2.5 rad/SH, while the female
distribution is closer to anormal distribution. In addition, the male distribution is skewed
toward the extended posture. For the reclined drive, both sexes have their distribution
skewed toward the extended posture

Total Total F F M M
Average St Dev Average St Dev Average St Dev
Upright -0.10 1.45 0.17 1.55 -0.46 1.26
Reclined -0.64 1.01 -0.51 0.87 -0.81 117
Table13 Average curvaturesfor upright and reclined drives. Unitsare rad/SH.
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Figure29 Lumbar curvaturedistribution for the upright and reclined drives.
Units are Rad/SH.
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Figure 30 Lumbar curvaturesfor malesand femalesduring the upright drive.
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D. Body Linkage Anglesand Joint Angles
Joint angles and the angles formed by body linkages were defined in Section |l of

Ergonomics Research Laboratory

this report (Figure 8- Figure 11). The results are summarized in [Table 14for the beginning

and end of the modal period.

Beginning |Beginning(End End  |Beginning|Beginning|End End  [Beginning [Beginning |End End
Total Ave |Total Std |Total Tota [FAve F Std FAve |FSd [MAve ([(MSd MAve (M Sd
Ave Sd
Eye-neck-hip-2d 119.3 74 119.0 8.3 120.7 83| 120.6 8.6 117.9 6.3 117.2 82
Eye-acromion-hip-2d 1425 111 1425 8.7 144.9 13.1| 1432 9.8 139.9 8.2 141.6 75
neck-hip-zx 14.3 57 14.3 58 13.7 6.3 14.0 6.1 15.0 52 145 57
acromion-hip-zx 125 59 12.6 6.3 11.2 6.6 119 7.0 141 48 13.2 57
acromion-neck-yz 29.6 20.7 344 301 332 279 348 308 255 53 34.0 30.7
acromion-neck-yx 16.6 23.6 215| 339 20.9 316 21.3| 34.6 11.7 59 21.7 345
acromion-elbow-zx 140.2 18.0 1411 17.2 142.3 18.6| 1473 184 138.0 17.7 134.4 133
acromion-elbow-wrist-2d 105.8 19.3 107.2] 204 100.2 191 1015] 228 1114 18.3 112.9 16.4
acromion-elbow-wrist-3d 103.7 18.4| 104.9| 187 98.5 184 98.8[ 20.3 108.9 174 111.0 15.2
neck-hip-knee-2d 98.6 7.0 97.9 7.4 97.7 6.6 97.2 6.9 99.5 7.4 98.5 8.0
acromion-hip-knee-2d 96.7 7.3 96.4 75 95.0 7.2 95.3 75 98.7 7.1 97.6 7.7
acromion-hip-knee-3d 924 6.2 91.9 6.5 92.3 6.7 929 7.3 92.6 59 90.8 56
hip-knee-ankle-2d 121.2 69| 1194 8.3 1233 6.4 1219 8.3 117.1 6.5 115.2 7.3
hip-knee-ankle-3d 119.6 79 1184 8.6 122.6 71 1214 8.0 113.6 59 113.2 7.8
hip-knee-xz 5.8 38 6.5 4.1 57 34 6.6 4.1 59 42 6.4 4.3
elbow-acromion-hip-3d 36.5 125 36.6 125 354 13.9 339 146 37.6 11.3 39.3 9.8
Thigh Splay (hip-knesyz) 15.6 74| 159 88 10.6 47 85 41 20.0 6.5 215 7.1
knee-ankle xz (caf angle) 52.2 48 52.2 51 51.7 55 51.7 5.8 53.2 34 531 38
knee-ankle xy (calf splay) 0.0 136 -32] 120 55 128 -65 107 10.3 8.2 34 12.8
Table14 Joint angles and linkage anglesfor the beginning and end of the modal

period.

E. EyePoint During Modal Period

The average eye point location for the modal period of the free drive is summarized

in Aswould be expected, males had a higher eye point than females, and for both
sexes the eye point height decreased by the end of the modal period. The average eye point
positions were compared to the location of the X-Z datum line intersection of the eyellipse
taken from the vehicle drawing. The average eye locations areillustrated in Figure 19]along
with the location of H-point, D-point and the un-deformed seat contour.

©MSU, East Lansing, M1 52




ERL-TR-95-009 Ergonomics Research Laboratory

Eye Pt Beginning Eye Pt End
X Z X Z
F Ave 78.05683 828.7137 100.3093 825.5131
F St Dev 86.93282 30.31727 93.03285 30.8831
M Ave 65.13142 868.6585 78.30721 858.7801
M St Dev 67.04373 27.99903 83.07889 25.52055
Eyellipse XZ Datum Lines Intersection Point
X Z
59.6 843.4

Table15 Eye point location during modal period
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IV Discussion

Target Vishbility

In order to determine the three-dimensional position of atarget, it must be visible
from at least two cameras. There were atotal of 448 image sets examined for all subjects
for the fixed and free back drives. Of these image sets (4 video pictures per image set) the
second sternum landmark was not visible on any camera 293 times. The ankle was not
visible on 237 image sets and Suprasternale was not visible on 176 image sets. The
shoulder strap often covered the Suprasternale and the second sternum target. During the
drive, the ride techs were instructed to view each image set to insure that all targets were
visiblein at |least two cameras, before saving the image filesto disk. However, the monitors
were LCD monitors, selected for low power usage and for safety reasons. These monitors
could not show the detail required identifying each target and, as aresult, the ride techs only
inspected images for exposure quality. Losing the chest targets severely limited our ability
to determine chest orientation, resulting in aloss of our ability to estimate spinal posture for
severa subjects. In future studies, the chest landmarks will be modified so that the shoulder
strap does not interfere with target visibility. In addition, we need to investigate methods
for improving the video images so that the ride techs can monitor target visibility.

The ankle target was not visible for many subjects due to the extreme rotation of the
shank and foot. Several subjects externaly rotated their shank and supinated their foot to
such adegree that their lateral malleolus (landmark for the ankle target) lay at or near the
floorboard of the car, or too close to the centerline tunndl. Asaresult, the ankle target was
not visible on more than one camera and many times not visible on any camera. Dueto the
poor image quality when viewed on the LCD monitors, the loss of this target was not noted
until the pictures were viewed later. We assume that these subjects prefer to sit in this
manner and that asking subjects to modify their foot orientation would interfere in our
effortsto monitor their posture. In future studies we will investigate methods for
overcoming this problem; possibly by placing the ankle target at a different location, so that
large externd rotations do not hideit.

Error Analysis

The accuracy of the 3DAQ system has been shown to be on the order of 0.05mm-
5.5mm (Figure 13). However, the system accuracy is also dependent on the subjective
decision of each user asto the exact point used to define atarget. Although the 3DAQ
system has an automated routine for locating the center of an ellipse, the actua shape of the
targetsisrarely dliptical, and thus this routine is of limited value. The subjective decisions
of each user, then becomes an issue of some importance.

The results of three trained users measuring landmarks on one subject are listed in
The standard deviation of the link lengths between two targets provides an
estimate of the error. The landmarks having the highest degree of reproducibility were the
Suprasterna e and the second sternum targets (SD less than 2mm). The ASIS and the ankle
targets had the highest degree of variability, with link length involving these two targets
having SD ranging from 5 to 16mm.

Another means of estimating error is to average link lengths for multiple image sets
of each subject, using the average link length as the best estimate of the mean and
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examining the absol ute error between the mean and al other measurements. The results of
thisanalysisareillustrated in [Table 6] [Table 7Jand Figure 14| The vast mgjority of our error
estimates are below 5mm (82.8%), with 98.7% being below 10mm. Thelink length having
the largest overall degree of variability was the ASIS-knee link (average absolute error =
6.7+5.7mm). It must be pointed out that thislink is not rigid, since when the thigh movesit
rotates about the hip joint. The ASIS-kneelink isonly an estimate of arigid body and we
do not know how much error is due to the non-rigid nature of thelink. The next sternum
landmarks had the greatest consistency, with an average absol ute error estimated at
1.5+1.3mm. All other links had average absolute errors below 3mm, indicating that the
3DAQ systemisvery reliable.

Pressure Map Quality

The qudlity of the pressure mat imagesis definitely affected by sex. Maestend to
have more discernible pressure peaks on their pressure mappings than females (p=0.005).
Thisfinding leads us to speculate that pressure map quality isafunction of hip-breadth.
However, aregression of pressure map quality against hip breadth has an r? = 0.12,
indicating no correlation between the two variables. We suspect that it is not the hip
breadth that causes such amarked difference in pressure map quality so much asit isthe
amount and type of tissue between the ischia tuberosity and the seat surface. WWomen have
more adipose tissue in the buttock region and this could affect the pressure map quality,
reducing the slope of the pressure gradient and making it more difficult to determine the
ischial tuberosity location.

Locating the Pelvisin the Free Drive

For the free drive, we report on the pelvis position using the modal period of each
subject. The modal period is defined based on the time a given subject sat in a seat position
longest [25]. We report on the position of the pelvis for the beginning and end of the modal
period.

Thelocation of the hip joints for our subjects was compared to the location of the H-
point window in Moving the H-point from the seat in the design position to the
extremes of al possible seat travel positions generated an H-point window. The resulting
path is the H-point window. All subjects had their hip jointswell forward of the design
location for H-point, and many subjects had their hip joints well above the H-point window
maximum height. It must be noted that this data reports the position of the subjects hip
joints without adjusting for seat position. Since the H-point window defines the perimeter
of al possible H-point locations for the seat travel, the subjects’ hip joints should lie within
the H-point window. For this seat, the subjects’ hip joints do, for the most part, lie within
the H-point window, but a number of them lie considerably aboveit.

We defined asimilar window for D-point and compared that to the location of our
subjects ischial tuberosities (Figure 16). The D-point window for this seat islow and
posterior compared to the ischia tuberosity locations for our subjects. Most subjects were
not even in the boundaries of the D-point window.

In order to understand the pelvic data in terms of the seat design template Oscar, we
calculated the hip joint and ischia tuberosity locations relative to the seat design position.
All results are given with respect to the seat coordinate system, and the measured position
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of H-point as measured by the H-point machine. The results for our subjects hip joint and
ischial tuberosity locations are summarized in[Table 9

The location of H-point and D-point compared to the subjects’ hip joints and ischia
tuberosities areillustrated in Figure 17]and Figure 18] All subjects sat well forward of the
design position of both H-point and D-point and most subjects sat well above the D-point.
The average hip joint and ischial tuberosity locations are more than 50mm further forward
than the design positions for H and D points (Figure 19).

The Oscar template assumes continuous contact with the seatback and seat cushion
and, as aresult, the placement of the H-point machine (3D Oscar) requires not only
continuous contact with the seat surface but also considerable compression of the foam.
Thus, the design H-point and the corresponding measurements from the H-point machine
are unredistic representations of seated posture.

The differencesin D-point location not only represent trandation differences
between our subjects and Oscar, but are aso due to fundamental anatomical errorsin Oscar.
The Oscar template has D-point coupled to the thigh instead of attached to the pelvis.
Subjects were measured in their preferred posture, which ranged from slumped to erect,
while Oscar represents aneutral posture. Thus, we expect a degree of scatter to theischial
tuberosity location, but if the Oscar estimate for D-point is reasonable, then that scatter
should center at or near D-point. The fact that the D-point location for this seat istoo far
posterior indicates that there is areal need to re-evaluate the Oscar design template. Given
the structure of the seat, it isvery difficult for aliving person to actually place their ischial
tuberosities near the design D-point.

For this seat, subjects sat with their ischial tuberosities ailmost directly beneath their
hip joints (Figure 19), with males dlightly reclined and females sitting more upright ([Table |
10). Thedistribution of pelvic anglesis shown in Figure 20Jand shows that more males sat
with their pelvises leaning further back while more females sat with their pelvises upright.
These facts help explain why the average female ischia tuberosity location is deeper in the
seat than the males. When seated more upright, more weight passes through the ischial
tuberosities, whereas when seated in areclined position, more of the body weight is carried
by the seatback and some of the weight is distributed through the sacrum, reducing the
depth of penetration.

The same pattern of pelvis angle orientation held true for the fixed back drive as
well. Malestended to sit in amore reclined posture than females with an average difference
ranging between 8° and 10° (Table 11}. An interesting aspect of the fixed drive s that there
was anon-significant difference in the pelvic angle between the upright and reclined drives.
We expected to find that subjects had their pelvis more reclined during the reclined seatback
drive. However, the opposite wastrue. Both males and females sat dightly more upright
during the reclined seatback drive. During this drive, the seatback angle was held fixed
with an angle of 30° from the vertical. We suggest that this was too reclined and that
subjects overcame the backrest angle by using muscle contraction to sit more upright.

Lap Belt and the ASIS-All S Notch
During afront-end collision it is not uncommon for a person to "submarine” below
the seatbelt, nullifying any restraining forces the seatbelt could have applied to prevent
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injury. One key aspect to preventing submarining is the relationship between the seatbelt
ant the ASIS of the pelvis. If the ASISisbelow the seatbelt, the notch below the ASIS can
act like ahook, reducing the chances of the torso dipping beneath the seatbelt. However, if
aperson is greatly slouched, then the ability of the ASIS to dide beneath the seatbelt
increases, and so do the chances of submarining. The more vertical the ASIS-AllIS region
of the pelvis, the less chance thereis of a person submarining.

The biomechanics of submarining are very complex; depending on the direction of
impact, the posture, body proportions and pelvic shape of the victim. One aspect of the
pelvic areathat is directly affected by excessweight isthe ASIS-AlIS region. The ability of
the notch beneath the ASIS to hook a seatbelt is reduced with extratissue or clothing in the
area. In our study, the angle of the ASIS notch is steeper than the ASIS-AlIS region (see
I eaning further forward by an average of about 16° for females and 3° for males
(Table 12). Thus, even in the more reclined posture of the males, the ASIS notch is more
likely to hook the seatbelt. However, excesstissue and clothing over thisareaare likely to
reduce the effectiveness of this notch so that submarining is then more dependent on the
angle of the ASIS-AllSregion.

In this study we estimated the angle of the ASIS-AlIS region and found that for
males, this region averages more than twice the inclination of females (averaging
approximately -22° for females compared to -9° for males). Thisindicates that it would be
easier for submarining to occur for males (Table 12). This differenceis primarily dueto the
fact that men sat with their pelvisin amore reclined posture.

Spine Posture

We have developed amethod for estimating the spine posture based on the position
of the sternum relative to the pelvis [43]. Thismodel requires that the angle of the pelvis be
known as well as the position of at |east one point on the sternum. Due to data collection
problems the sternum targets were not visible in about one third of the image sets collected.
This greatly reduced our ability to predict lumbar posture for several subjects. However, the
results for the lumbar spine curvature estimates support the findings of the pelvis posture:
males sat with amore slouched posture while females sat with adightly lordotic lumbar
spine ([Table 10| Figure 25|and Figure 26). In addition, by the end of the modal period both
males and females had become dightly more erect than they were at the beginning of the
modal period.

For the fixed seatback drive, subjects sat more erect when they were in the reclined
seatback position ([Table 13Jand Figure 29). Males sat more erect for both the upright and
reclined seatback positions, than their posture was during the modal period of the free
comfort drive. The differences were not statistically significant and the numbers involved
were small, so we cannot rule out measurement and sampling errors. The pelvic angles
(Table 11) reported for the fixed back drive indicate the opposite trend: both males and
females had more reclined pelvises in the fixed back drives than in the free drive. However,
there were fewer subjects available for estimating the lumbar curvature, thus the sample
available may have biased the spine curvature results.

Joint Anglesand Body L inkage Positions

All angles listed in [Table 14[are with respect to the seat coordinate system. Thusto

obtain the angle relative to the car coordinate system the 7.5° rotation of the seat hasto be
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accounted for. This7.5° correction is only relevant for angles of body linkages such asthe
torso angle (angle of the shoulder-hip line) or the thigh angle (angle of the hip-knee line).

The current SAE template, Oscar, uses the hip and shoulder joints to define the torso
angle. However, the shoulder joint does not have afixed center of rotation, but isa
complex mechanism with the point defined by Dempster [11] moving significantly relative
to thetorso. We used the point defined by Dempster as the center of the shoulder joint and
compared the angle of the shoulder-hip line to the angle of the neck-hip line. The neck
point was defined as the junction between the shoulder and neck. Both of these lines gave
similar angles for torso inclination and both had similar standard deviations ([Table 14},
indicating that using the shoulder-hip joint provides the same torso inclination as using the
neck-hip joint line. Thefact that the standard deviations were smilar indicates that
athough shoulder motion has the potential to be large, subjects sat with their shoulder joints
in similar positions. Males sat dightly (1° - 3°) more reclined than females, but the
difference was not significant. This more reclined posture isin agreement with our pelvic
findings.

The head posture was defined using the eye-neck-hip points aswell asthe eye-
shoulder-hip. Both measurements had similar results, although the measurement using the
shoulder joint had more variability due to the fact that the angle of the eye-shoulder lineto
be sensitive to small changes in shoulder position. Males sat with their heads about 3°
closer to their torsos than females. The fact that they were dightly more reclined required
themto tilt their head more in order to keep their eyesleve with the horizon.

Males sat with about 10° more elbow extension than females. That is, femaes sat
with their shoulders closer to the steering wheel and with their elbows closer to being at
right angles. Again, thisisan indication that the females were sitting more upright than the
males.

The torso-thigh angle was measured using the neck-hip-knee as well asthe
shoulder-hip-knee points. Both give similar results, with the males having between 1°-3°
more of an inclination than females. In addition, both males and females are within afew
degrees of the design position of Oscar (99°). The thigh inclination (hip-knee angle) was
the same for both males and females, at about 6°, indicating that both sexes preferred this as
their thigh angle.

Design posture for the knee angle was 128°, which is significantly larger than the
angle preferred by our subjects. Males sat with aknee angle of about 115° while females
sat at about 122°. This may be due to the fact that most males could not move the seat far
enough back and thus had to sit with a smaller knee angle, while females could adjust the
seat to achieve alarger knee angle.

We aso investigated the thigh splay and calf splay. Males sat with their thighs
splayed at about 20° while females were at about 10°. The calf splay for women was about
negative 5° while for men it was a positive 10°. Since men sat with their thighs relatively
splayed apart, they had to orient their lower leg so that their calf splay was sufficient to
orient the foot over the gas pedal. Dueto etiquette, women sit with their thighs closer
together and have to splay their lower legsin the opposite direction in order to orient the
foot over the gas pedal.
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Eye Point

We compared the eye point to the X-Z datum line intersection point on the eyellipse
(Table 15]and Figure 19). Both men and women were close to this point, with men being
dightly higher and women being dightly lower, as would be expected.
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Appendix A

Kernelsfor estimating the coefficients ki, ko, ...,kio.
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Appendix B
Discretization Error
In this section, we estimate the discretization error to show the convergence of the

method for smoothing the pressure mapping of the coarse-grid large Tekscan mat. For the
sake of brevity we restrict ourselves to the Dirichlet problem for the biharmonic equations:

DU = f(X,%,),(X,X%,) 0Q (B.1)
u, = oy - 0 (B.2)
r dV )

r

However, the results still hold for other boundary conditions. The solution u(xs, X,) of the
Dirichlet problem minimizes the functions

F(v) = [[A=2f(x, %,)v]dx (B.3)

in the class W-,?(Q), where

PENS ov Y (ow)
n~( 5] +doea) ()
X, IX, 0%, X,

and W,%(Q) means the Sobolev space of functions having generalized derivatives up to
order k[50].

Let Hs(Q) be the class of functions defined on Q which on the particular triangles
of the given triangulation are equal to the polynomials [45]. The approximate solution U(x,
%) is defined as that function from Hs which minimizes the functions [49] in the class Hs.
To find an estimate for the discretization error, we introduce the notation

ol 2%z ’ 0%z \* (9%z2)°
Jo(z)—i Hﬂxlzj +2(o_,xldxj +(0,,X22j }dx (B.4)

Then it holds (see Michlin and Smolickii [50])

Jo(U-Vv) =F(U) -F(v)

= rvnD|4n Jo(Vv—u) (B.5)
<J,(u-u)
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where U isthe function from Hs such that the values of \Dq for |i| < 2 a the vertices of the

triangles and the same as those of the solution u(xy, x,). Here |DY :dji—ddz and [i[is+ io.
Assume u has bounded derivatives of the sixth order in theinterior of T,
D'ul<C, [i|=6 (B.6)
We have an estimate (see Zenisek [51])
~\112 ch*
[J(u-D] " =0 =5 (B7)
sin‘“ a

where histhelargest sde and a isthe smallest angle of dl triangles of the given
triangulation. Equation (B.7) means that if we refine the triangulation in such away that
0=00>0 the approximate solution converges to the exact solution.
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