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1. INTRODUCTION

The Science Crew Operations and Utility Testbed (SCOUT) project isfocused on the
development of arover vehicle that can be utilized by two crewmembers during extra
vehicular activities (EVAS) on the moon and Mars. The current SCOUT vehicle can
transport two suited astronauts riding in open cockpit seats. Among the aspects currently
being developed is the cockpit design and layout. This process includes the identification
of possible locations for a socket to which a crewmember could connect a portable life
support system (PLSS) for recharging power, air, and cooling while seated in the vehicle.
The spaces in which controls and connectors may be situated within the vehicle are
constrained by the reach and vision capabilities of the suited crewmembers. Accordingly,
guantification of the volumes within which suited crewmembers can both see and reach
relative to the vehicle represents important information during the design process.

The Mark 111 space suit (Figure 1) is a prototype suit being developed for EVAs on the
moon and Mars. The suit includes a hard upper torso (HUT), brief and hip transition
elements, rolling convolute shoulder, and waist and hip abduction/adduction joints; and
also incorporates upper arm, shoulder, hip, waist, and ankle bearings. All spacesuits
restrict the movements of the crewmember wearing the suit to some extent. The
mechanical constraints, weight, and the pressurization of each space suit act to reduce or
eliminate certain degrees of freedom that are available during normal unsuited human
motion. The ease, efficiency, and effectiveness with which movements or tasks can be
performed in a specific space suit are aresult of the extent to which that suit reduces the
ranges of motion in the various joints of that suit. Among the most basic and most
important movements is reaching with the arms and hands, which is a prerequisite to
performing almost any other task. Accordingly, reach evaluation is an essential
ergonomic consideration when designing a space suit and any interfaces between a
subject wearing that space suit and other hardware.

The reach envelope for any space suit differs according to the mthroEomdry and strength
of the person wearing the suit. The maximum reach envelopes for 5" and 95" percentile
males in the extravehicular mobility unit (EMU) while attached to the portable foot
restraint (PFR) are defined in NSTS 07700 (1). However, data on the inner bounds of the
reach envelopes are not provided. No quantitative information is currently available
regarding the reach envelope for the Mark 111 suit under any conditions.

Reach envelopes may be determined numerically by quantifying the individual ranges of
motion in each joint and then using forward kinematics to computationally determine all
possible locations of the hand. However, the joint ranges of motion are not necessarily
independent from each other. A numerically-derived solution for the reach envelope may
not yield an accurate estimate for the actual reach envelope. Nor does it incorporate an
individual’ s strength characteristics unless joint torque datais also used. Until a
numerical approach to quantifying suited reach envelopes can be validated, the only
reliable method to quantify reach envelopesisto empirically collect position data from
each hand during a comprehensive series of reaching motions.

Field of vision (FOV) datais aso important in human-machine interface design; for
operations such as PL SS recharging, controls must be positioned such that the
crewmember can both reach and see the connection. Indeed, the work envelope can be
defined as the volume within which a crewmember can both see and comfortably reach
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This study was intended as a preliminary assessment of the reach envelope and field of
vision of suited subjects asit relates to designing the human-machine interfaces on the
rover. By quantifying the reach envelopes of suited crewmembers, suit and rover
interfaces can be designed to ensure that all members of the crew population can be
accommodated. The specific objectives of this study were:

. To quantitatively determine the volume (or ‘envelope’) within which a suited
crewmember could reach when attempting to connect the PLSS on their pressurized
Mark 111 EVA suit to the SCOUT vehicle for recharge.

. Toquantitatively determine the FOV in the lateral and vertical directions for suited
and unsuited subjects.

In this study, the reach envelopes and FOV of two suited and unsuited subjects were
empirically evaluated while seated in the SCOUT vehicle using 3-dimensional position
data collected during a series of reaching motions. Data were collected in laboratory
(indoor) and field (outdoor) conditions. An analysis procedure was devel oped
specificaly for thistask wherein data were interpolated and displayed in orthogonal
views and in 100mm cross-sections. The data processing and analysis techniques
developed for this project are potentially applicable in the evaluation of other human-
machine interfaces such as spacecraft cockpits.



2. METHODS

21 STUDY DESIGN

Reach and vision data were collected from two seated male subjects (Table 1) during
laboratory testing. One of the two subjects also participated in field testing, the purpose
of which wasto cross-validate the laboratory data with data collected in amore realistic
operational environment. The anthropometric percentile characteristics of the subjects
were determined using the Human Systems Integration Requirements (HSIR) document.
This requirements document uses 2015 projected anthropometric data to ensure future
crewmembers are adequately represented for design considerations.

Figure 1. Suited subject wearing Mark |11 EVA suit and retro-reflective tracking markers
during laboratory data collection.

Table 1. Subject height, weight, and strength infor mation.

: Stature as Percentile | Upper Body Strength as
S(ti‘tr:lj)r € V\ésg)ht of Projected 201_5 Percentile of Curr_ent
Astronaut Population |  Astronaut Population
Subject 1 188.9 99.0 94% 79%
Subject 2 178.5 70.2 49% 91%

During laboratory testing, the reach and vision capabilities of each subject were evaluated
while sitting in shirtsleeve unsuited conditions and while wearing a pressurized Mark 111



space suit. The two conditions enabled comparison of the suited reach envelope and
vision capabilities with the ‘normal’ unsuited capabilities for each subject. Subjects sat
on the Blue Static Seat with the Blue Cushion (Figure 1).

During field testing, reach and vision were evaluated only during suited conditions.
While wearing the same Mark 111 suit Subject 1 sat in the left side molded seat of the
SCOUT vehicle with the Mark 11 seat cushion. The rover was stationary on level grassy
terrain. No noticeable movement of the hard upper torso (HUT) occurred during
laboratory or field testing. The seats, and the cushions on the seats, differed between
laboratory and field testing conditions, as discussed in Section 4.

Figure 2. Suited subject wearing Mark Il EVA suit during field data collection.

2.2 REACH MEASUREMENT
Laboratory Testing

A 10-camera Vicon 612 motion capture system (Vicon Peak, Oxford, United Kingdom)
running Vicon iQ software version 2.5 was used to collect 3-dimensional (3-D) position
data (Sampling Rate: 200Hz; RM S error < £1mm) from retro-reflective markers attached
to the back of each hand. Markers were attached to the dorsal side of each hand or glove
over the midpoint of the third metacarpal (Figure 1). By defining the reach envelope as
the volume within which the middle of the hand could be positioned by the subject, it
may be inferred that any object within the reach volume of each hand may be grasped by
thefingers. Markerswere aso attached to the corners of the chair and to each subject’s



chest. The origin of the coordinate system was the midpoint of the front edge of the seat
pan. Additional motion tracking devices and retro-reflective markers were attached to
the subject for the purpose of an unrelated evaluation of a gyroscope-based motion
tracking device. The additional equipment had negligible mass and did not interfere with
subjects’ reach.

During the shirtsleeve and suited trials, subjects were instructed by atest operator to
move their right hand through a series of lateral and vertical arm-hand motions (Figure
3), which defined the inner and outer boundaries of the reach envelope for the right hand.
The process was then repeated for the left hand.

It was impracticable to have subjects fully define the entirety of their reach envelopes by
moving their handsin every possible 3-D location because of the excessive time that
would be required and the unavailability of real-time data visualization. The 3-D position
data from each hand were analyzed with a custom program using MATLAB 7 (The
MathWorks, Inc., Natick, Maryland). The unprocessed position data collected from the
chair corners and from the left and right hands of Subject 2 during suited trials are shown
in Figure 4.

Figure 3. Right hand motions during reach envelope data collection protocol.



Figure 4. Unprocessed 3-D hand position data from Subject 2 during suited
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From Figure 4 it can be seen that the unprocessed data provided an incomplete
representation of the reach envelopes. Additionally, the 3-D plots did not present the
position datain aformat that can be easily utilized by the designers of the Mark 111 suit or
the SCOUT vehicle. The analysisroutinefirst utilized the Qhull Delaunay triangulation
algorithm (3) to create a mesh from the position data (4), wherein triangles are drawn
between sets of data points such that no other data points are contained in any triangle's
circumcircle. Each data point was thereby connected to its spatially proximal neighbors
and amesh was then drawn over the surface, providing a more compl ete representation of
the reach envelope (Figure 5).

To enable the triangulated data to be viewed in aformat useful for design purposes a
computer program was written in which the position data were first displayed from
above, from the side, and from behind the chair. The data were then ‘sliced’ into sections
of 10cm thickness. For example, when viewing in the X-Y plane (i.e., from above), the
data were presented in multiple plots, each of which displayed X-Y datafrom a 10cm
thick section. The concept isillustrated in Figure 6. Data slices were not presented in the
frontal plane because the information was redundant after presentation of datain the
other two planes.



In addition to presenting the triangulated areas associated with the position datain each
data slice, the unprocessed position data was aso included in all plotsto provide some
indication of the validity of the triangulated data. Position data traced from the left and
right hands are shown as red and green lines, respectively.
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Figure 6. Reach envelope analysis strategy.
Field Testing

Because the motion capture system utilized during laboratory testing is not designed for
outdoor use, the evaluation of reach during field testing was performed using Dartfish
motion analysis software (Dartfish, Ltd., Fribourg, Switzerland), which is a software
program that is used to analyze video footage recorded using standard digital video
cameras. Three JVC DVL-9800 video cameras (JVC Company of America, Wayne, NJ)
were positioned so as to view the subject from above, from the front, and from the side.
An adjustable boom was used to position the overhead camera. The fields of view from
each of the three cameras are shown in Figure 7.

Subject 1 was seated in the driver’s seat of the SCOUT vehicle while wearing the
pressurized Mark 11 EVA suit. The subject was then instructed to position their left and
right hands in a series of low, medium, and high medial and lateral reach positions. Due
to the considerable time required to manually extract 3-D hand positions from the 2-D
video camera footage using the Dartfish software only 44 hand positions were measured.
The inner bounds of the reach envelope were not assessed during field testing.

Using the Dartfish software, the video data were digitized and synchronized. AsFigure7
shows, angular and linear measurements were then taken from the video images using the
Dartfish software. To determine the distance represented by each pixel in theimage, a
lineisfirst drawn along an object in the image of a known length. In thisinstance, a
reference object 59.0 cm in length was positioned within the field of view of each camera
and then removed after being used to calibrate the software. Aswith the laboratory
testing, the origin of the coordinate system was positioned at the midpoint of the front
edge of the seat pan. Using each camera view, 2-D measurements were then taken to
determine the distance of each hand from the origin in the orthogonal axes. Where



possible, measurements were taken in the sagittal and frontal planes (lower two camera
viewsin Figure 7) rather than the overhead view because the overhead camera was not
centered exactly above the subject. The 44 hand locations measured during field testing
were then compared with the reach envel ope determined for Subject 1 during laboratory
testing.

The accuracy and reliability of Dartfish is highly dependent upon camera positioning,
camera resolution, the distances of the objects from the cameras, the angles of objects and
movements with respect to the cameras, and the precision with which the operator can
visualy identify and mark the positions of the hands in each image. Assuch, the
accuracy of the measurements made using the Dartfish software are unknown for this
data collection, but is certainly less than that of the Vicon data recorded in the laboratory
setting. The purpose of the field testing was simply to verify that no significant
discrepancies existed between the reach and FOV data collected in the |aboratory
conditions and the data collected under the more realistic field conditions. No significant
differences were anticipated.

Figure7. Video camerafields of view.



23 FIELD OF VISION MEASUREMENT

Field of Vision (FOV) data were collected during laboratory and field testing sessions.
During laboratory testing, FOV was tested during shirtsleeve and suited conditions. FOV
was tested only during suited conditions during field testing.

A socket with an attached plumb line was slowly moved forward at eye level from behind
the subject’s head until the subject indicated that the socket became visible. At this
instance, the point on the ground directly beneath the plumb line was marked (Figure 8,
left). The position of the eyes was marked on the ground in order to provide areference
for measuring angles, as shown in Figure 9. The 2-D positions of the eyes and the target
in the transverse plane during laboratory testing were manually measured from the marks
on the floor using a tape measure and were measured using Dartfish analysis of video
data during field testing.

Figure 8. Lateral (left image) and Vertical (right image) Field of Vision testing protocol.

Direction of
forward gaze

EyelLine -

Top of
Head

Figure9. A linewas marked on the ground to designate the
location of the subject’s eyes, which was used asan origin to
measur e visual angles.
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Figure 10. Sagittal plane Field of Vision measur ement method.

The procedure was also performed while moving the socket slowly upward and
downward directly in front of the subject (Figure 8, right). The socket was brought from
amid-level height slowly up the length of an anthropometer until the subject indicated
that it had risen above the field of vision. The vertical distance between the target and the
ground was recorded. Beginning again from amid-level height, the socket was brought
slowly down the length of the anthropometer until the subject indicated that it was below
hisfield of vision. The procedure was performed three times for each condition. The
maximum field of vision for each condition was used in the subsequent analysis. The
field of vision anglesin the sagittal plane were then calculated from the 2-D positions of
the eyes and socket as measured by the anthropometer, measuring tape, and Dartfish
analysis (during field testing) asillustrated in Figure 10.

For the FOV measurements in the transverse plane (left-right FOV), the process was
performed under two conditions. Under the first condition ‘fixed’ subjects were
instructed to keep their head facing forwards while in the second condition ‘turning’
subjects were instructed to move their head so as to maximize their FOV. In the sagittal
plane (vertical FOV) only ‘fixed condition measures were made.

11



3. RESULTS

The reach envelopes calculated during laboratory testing for Subjects 1 and 2 are shown
in the following pages. The 44 reach envel ope hand positions determined from Subject 1
using Dartfish analysis of field testing data are shown as black points. For purposes of
comparison, datafor suited and shirtsleeve conditions are shown side-by-side.

For each Subject, the first images display the 3-D hand position data after applying the
Delaunay triangulation algorithm. Subsequent figures then show the same data as viewed
from the side, from above, and from behind. The coloring of each figure corresponds to
the position in one of the three axes and is explained in the associated captions. The 10
cm slices (or planes) into which each reach envelope was divided are super-imposed on
the figures of the side and rear views. The reach envelope within each of those planesis
then shown in the subsequent figures. Cross-sections of reach envelopes that did not
differ greatly from each other are grouped together and combined into single figures.

The title of each figure indicates the specific plane(s) represented in that figure. A
comparison of suited reach envelopes between subjectsis shown in Figure 25.

Also shown on the side and front views (Figures 15-18) are the FOV data. The blue and
red lines represent FOV angles under the ‘fixed’ and ‘turning’ conditions, respectively.
In Figure 26, the FOV data from left and right sides are averaged and shown in bar
graphs for comparison between conditions.

12
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Figure11. Three-dimensional view of triangulated reach envelope for Subject 1 suited.
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17



52 Suited 2D Side

1600 - AR
1400] 600
1200 &
E 400
E 1000
4200
E
. 800F
N 3
= 10
©
0
=
O E 4200
> 400
-400
200
0 -600
_200 g i i iR T4 A i S SR
800 -400  -200 0 200 400 600
Antero-posterior (Y) (mm)
S2 Unsuited 2D Side
1600
1400 |+ : 600
i Plane 15
1900 i :Plane 14
. ‘Plane 13 400
i lane 12
~— 1000 :
lane 11 F 4200
lane 10
N lane 9 L o
= Plane 8
S 600 —
= 1o Plane 7
g . “Plane 6. 2%
400 - ‘
Plane 4 -400
200 : :
Plane 3 -
old Plane 2 800
Plane 1
200

-600 -400 200 0 200 400 600
Antero-posterior (Y) (mm)

Figure 16. Triangulated reach envelope and field of vision data for Subject 2 suited
and unsuited viewed from side. Colorbar = X position (mm).

18



51 Suited 2D Above

600

400

200

-200

.

1200

1100

1000

900

800

700

600

Antero-posterior (Y) (mm)

o @ f
e L R
600 L —_—

: |
-800  -600 -400 -200 0 200 400 600 800 1000
Medio-lateral (X) (mm)

S1 Unsuited 2D Above

600
400

200

Antero-posterior (Y) (mm)

-800 -600 -400 -200 0 200 400 600 800 1000

Medio-lateral (X) (mm)

500

400

300

200

800

600

400

Figure 17. Triangulated reach envelope and field of vision data for Subject 1 suited and unsuited
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Figure21. Triangulated reach envelopetransver se plane cross-sectional slice data for Subject 1
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Figure22. Triangulated reach envelope sagittal plane cross-sectional slice data for Subject 1
suited and unsuited.
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Figure 23. Triangulated reach envelopetransver se plane cross-sectional slice data for Subject
2 suited and unsuited.
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Figure24. Triangulated reach envelope sagittal plane cross-sectional slice data for Subject 2

suited and unsuited.
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Figure 25. Comparison of suited reach envelopesfor Subject 1 (Blue) and

Subject

2 (Green).
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Figure 26. Field of Vision resultsfor laboratory and field testing.
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4. DISCUSSION

41 REACH ENVELOPE

Suited versus Unsuited Reach Envelopes

The comparison between suited and unsuited conditions allows a basic evaluation of the
extent to which the Mark I11 suit restricts reach. As anticipated, the dataindicate that the
reach envelope is significantly affected by the Mark 111 suit as compared with unsuited
conditions for both subjects. The extent to which subjects could move their torso during
unsuited conditions was not strictly controlled; nonethel ess, the comparison of reach
envel ope sizes between suited and unsuited conditions demonstrates that the suit restricts
reach particularly in the vertical and posterior directions. Joint ranges of motion were not
evaluated in this study, so the specific contributions of the suit elements to the reduction
in reach envelope cannot be determined from this data.

The data collection and analysis protocol attempted to quantify both the outer and the
inner bounds of the reach envelopes for the suited and unsuited conditions. The cross-
sectional data provide quantitative verification that the suit affects the inner as well asthe
outer bounds of the reach envelopes; subjects were unable to reach as close to their own
body while wearing the Mark 111 suit.

Movement of the torso inside the HUT

Interestingly, the maximum extent of lateral reach increased while wearing the suit,
particularly in Subject 1 (Figure 19). Theincrease is likely because subjects were
instructed to keep their torso stationary during the unsuited reach evaluation whereas
during suited conditions subjects were free to move their bodies within the suit to the
extent that they were able. Although the HUT itself did not visibly move during testing,
itislikely that subjects were able to adjust their shoulder positions within the suit to
facilitate marginally greater reach than during unsuited conditions. The same types of
adjustments were also allowed during vertical and antero-posterior reach conditions, but
the suit constrained the subjects such that maximal reach was attenuated in these
directions.

Initial Torso Positioning

Both subjects were seated further back (posteriorly) in the seat during unsuited conditions
than in suited conditions. Thus, relative to the seat, anterior reach was greater during
suited than during unsuited conditions. When considering the overall range of reach in
the A-P direction, the data confirm that unsuited reach isindeed greater than suited reach.

Laboratory versus Field Testing Suited Reach Envelopes

Comparison of the laboratory reach envelopes with the data points collected during the
field data collection show some significant discrepancies (Figure 15, Figure 17, and
Figure 21). All field testing data points are posterior to the corresponding reach
envelopes as determined during laboratory testing. As discussed below, a combination of
up to three possible factors may account for this result: a) different suit positions on the
seat between field and laboratory testing, b) different subject positioning within suit,
and/or ¢) measurement error associated with 2-D analysisin field testing.
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Effect of Seat Type and Cushion Type

Different types of seats and seat cushions were used during laboratory and field testing.
AsFigure 27 shows, the seats and seat cushions used during laboratory testing and field
testing were different and angle of the subject’ s upper body is noticeably different asa
result.

The blue cushion shown in Figure 27 is of uniform thickness and was used during all
laboratory testing. Conversely, the white seat cushion used during field data collection
(Figure 27) is awedge shape that is of greater thickness at the front of the seat than at the
rear. The effect of the wedge cushion, possibly in conjunction with the different seat
design, isto tilt the subject’ s upper body backward as the Figure shows.

The backward lean that is apparent during field testing but not laboratory testing affected
the baseline position of the HUT, resulting in an inevitable posterior (and possibly
downward) shift of the reach envelope.

Figure 27. Comparison of seats, seat cushions, and posture between laboratory (left) and field (right)
testing conditions.

Effect of Body Position within Suit

It is possible that the position of the subject within the suit also differed between
laboratory and field testing conditions, contributing to the decreased anterior reach and
increased posterior reach. If the subject’ s shoulder was positioned closer to the front of
the suit during field testing, the allowable range of motion from the shoulder bearing
would differ between conditions, causing a greater degree of posterior reach to be
achieved at the expense of decreased anterior reach.
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Effect of Measurement Error

As described in the Methods section, there are inherent limitations in 2-dimensional
analysis of video footage. The accuracy associated with the analysis of field datain this
study cannot be quantified but is known to be considerably less than the accuracy of the
laboratory Vicon position data. It is possible that the discrepancies between |aboratory
and field position data are attributable in part to the errors associated with the 2-D
determination of hand positions during the field testing.

Inter-Subject Differences in Suited Reach Envelopes

Because of the correlation between stature and other anthropometric parameters related to
reach (such as arm length), the finding that vertical, lateral, and anterior suited reach
ranges were slightly greater for the taller subject (Subject 1) was anticipated. The data
indicate that Subject 2 was capable of dightly greater vertical and posterior reach
immediately above the helmet (Figures 15-16) suggesting that Subject 2 may have had
dlightly greater upper-body strength and/or flexibility than Subject 1.

4.2 FIELD OF VISION

Comparison of ‘turning’ FOV while suited and unsuited indicates that the suit decreases
lateral FOV from 130-141° to 89-94°. Results of the ‘fixed’ condition indicate that the
suit has limited effect on peripheral vision when facing forwards with results varying
between 74° and 92°. Field testing lateral FOV results were consistent with laboratory
results.

Thefixed vertical FOV was minimally affected by the suit in Subject 2. However,
compared with unsuited laboratory conditions, the fixed vertical FOV of Subject 1 (up
and down combined) increased by 8° in suited laboratory testing and by 34° in suited
field testing. There is not a mechanism by which the suit could actualy increase FOV. It
follows that these observations must reflect large measurement errors, which are likely
the result of unmeasurable head movement within the helmet affecting FOV
measurements.

As described in Section 2, the measurement of FOV requires that the position of the eyes
and the position of the object are known. The angle between these positions relative to
some reference is then defined as FOV. If the position of the eyes actually moves
forward or backward in the helmet relative to the initial measured position then the angle
between the same object position and the eyes (i.e., the FOV) would increase or decrease,
respectively. Thus, if the antero-posterior movement of the head within the helmet is not
measured then the calculated vertical FOV will be inaccurate.

All four measures of FOV were greater during field testing than in the corresponding
laboratory testing conditions. This may be aresult of the subject’ s head being positioned
farther forward in the helmet and thereby allowing alarger FOV.

The conclusions that can be drawn from the FOV data collected during laboratory testing
are limited because of unmeasured movement of subjects heads within the helmet.
Asymmetries in FOV between left and right sides are presumed to be attributable to
measurement error and/or asymmetry of the head position and orientation with respect to
the suit helmet.
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5. CONCLUSIONSAND FUTURE WORK

This report provides quantitative information on the reach envelope and FOV of two
mal e subjects sitting in the SCOUT vehicle during suited (wearing the Mark 11 EVA
suit) and unsuited conditions. Compared with unsuited conditions, medio-lateral reach
was not significantly affected by the Mark 111 suit, whereas vertical and antero-posterior
reach was significantly inhibited by the suit. Lateral FOV was reduced by approximately
40° in the Mark 111 suit.

Differences consistent with the greater stature of Subject 1 were apparent between the
reach envelopes of the two subjects. To generalize reach envelope sizes to other subjects,
particularly those with different anthropometry, will require the collection of reach data
from multiple subjects with arepresentative range of body sizes and particularly arm
lengths.

The data reflected the intuitive fact that subjects' reach envel opes with respect to the
rover are affected by their position upon the seat. Reach envel opes with respect to both
the suit and the rover are also likely to be affected by the body’ s orientation with respect
to the gravity vector. For example, anterior reach may be reduced when the rover
ascends anincline. If future studies were to quantify the extent to which reach envelopes
(relative to a suit reference system) are affected by body orientation, that data could be
used to interpolate and extrapol ate reach envelopes for any seat location, inclination, and
cushion type.

The techniques employed in this study have not previously been used in the evaluation of
reach envelopes. While the computer code devel oped for this project was refined
following the data collection sessions, there were some limitations of the data that could
not be overcome. In particular, it was evident that alarger number of data points are
required to adequately determine the inner bounds of the reach envelopes. The inner
bound represents the small volume immediately adjacent to the suit that the subject
cannot reach because of the reduced ranges of motion allowed by the joints of the suit. In
most instances, the outer reach bound rather than the inner bound will dictate the location
of controls and connectors; indeed, the existing reach envelope datafor EMU does not
include any inner bounds (1). However, it isimportant that future reach envelope
guantifications include accurate definitions of both inner and outer bounds in order to
ensure that reach envelopes are not over-estimated. From the knowledge gained during
this study, a more systematic data collection protocol has been developed, which is
expected to produce more consistent and comprehensive quantification of the inner and
outer bounds of the reach envelope.

The development of real-time data visualization will further enhance the quality and
completeness of the data collected from each subject by identifying volumes that have
been inadequately defined during the data collection protocol. Additionally, numerical
approaches to reach envelope quantification are being investigated. A future application
of the technique developed for this study is the validation of numerically derived reach
envelopes. If the reach envelopes predicted by computer models are consistent with
those measured using this technique computer models may represent a quick and accurate
method by which to quantify suited reach envelopes for large popul ations of potential
USers.



Measurements of FOV used in this study were intended to provide approximations of
vision angles under the different conditions. Asdiscussed in Section 4, the inability to
quantify head movements within the helmet introduced potentially large errorsinto the
FOV measurements. Future studies should require that subjects are instructed not to
move their heads within the helmet or alternatively employ a method by which to
guantify the head movement.

In conclusion, the reach envelopes and fields of vision for two seated subjects were
quantified while wearing the Mark 111 space suit. The data presented in this report may
be utilized directly in the development of both the SCOUT vehicle cockpit layout, while
the techniques are potentially applicable in the evaluation of other space suit reach
envelopes and in the development of other human-machine interfaces such as spacecraft
cockpits.
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