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1 Executive Summary 
This test was a continuation of Integrated Suit Tests (ISTs)-1 and -2 (1) (2). The main objective of 

the test was to investigate the effects of varying center-of-gravity (CG) locations on human performance 
in the suited and shirtsleeve condition; however, due to facility limitations, only the shirtsleeve condition 
was evaluated. Although there were different performance results among CGs, the data analysis seems to 
indicate that many of the observed differences may have been the result of system dynamics, hardware 
setup, and/or testing methodology rather than a direct result of system CG location in relation to the sub-
jects’ CG. 

Three of the CG configurations unexpectedly had almost identical metabolic values. One CG con-
figuration led to significantly greater metabolic rates than all other configurations; however, this was 
likely due to system configuration issues and not because it was a poor CG location. Overall, the lack 
of variability among the other three CG configurations indicates that either there were no notable differ-
ences in human performance among these CG configurations, or other factors may have compromised the 
ability to effectively vary CG using an overhead suspension lunar gravity simulator. Possible solutions to 
this issue include improvements to the lunar analog facility and the gimbal support structure used to 
interface subjects to the facility for testing. 

Metabolic and subjective results among CG conditions for ambulation were very similar and led to 
the same conclusions. Biomechanics results were more variable in interpretation. One important finding 
was a high degree of variability among subjects for both the exploration tasks and the postural control test. 
This highlights the need to test a greater number of subjects and to thoroughly characterize the subject pool 
so that aspects of the subjects’ anthropometry, strength, and/or fitness can be analyzed to determine 
whether these underlying subject characteristics significantly affected their performance. 

In addition to the standard end-of-trial determination of ratings of perceived exertion (RPEs) and 
the gravity compensation and performance scale (GCPS), subjects also provided these ratings at the 30-s 
mark shortly after each trial began. Results indicated that GCPS had less variability between the 30-s and 
end of trial measurements, with 82% of trials showing no change compared to 68% for RPE. The majority 
of RPE and GCPS results that did change increased by only one unit on the rating scale (26% for RPE, 
12% for GCPS). Although not conclusive, this does show promise for using both of these ratings with 
non-steady-state tasks and in environments that preclude direct metabolic measurement. 

The Space Vehicle Mockup Facility’s (SVMF’s) partial-gravity simulator, known as “POGO,” 
provides a reasonable ground-based analog for testing postural stability during reduced-gravity loading; 
however, its mechanical couplings limit observations to a single plane of motion (sagittal), and its upward 
force vector may have a mechanical and/or physiologic (haptic) stabilizing influence on balance control 
that could reduce apparent instabilities, particularly in body sway displacement. 

Postural stability appeared to be degraded during the simulated reduced-gravity loading conditions 
tested in this experiment, and the performance patterns suggest that somatosensory information may be 
degraded in hypogravity environments. We recommend that follow-up experiments be performed, prob-
ably during parabolic flight, to verify these findings without the potential mechanical-based confounding 
factors of the POGO system. 

2 Introduction 
Analysis of video from Apollo lunar surface extravehicular activities (EVAs) has demonstrated that 

astronauts experienced difficulty maintaining stability. This led to the hypothesis that spacesuit CG is an 
important parameter affecting human performance. To specifically evaluate the role of CG, tests have been 
performed at the Neutral Buoyancy Laboratory (NBL) and during NASA Extreme Environment Mission 
Operations (NEEMO). Initially, six configurations framed the boundaries of potential CG locations (high, 
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low, aft, forward, ideal, and the Crew and Thermal Systems Division [CTSD] 2005 “baseline” CG); these 
configurations were evaluated for their effect on ambulation and performance of exploration tasks. Based 
on crewmember GCPS ratings, these studies demonstrated that ideal and forward CGs were acceptable (3). 
The other CGs required moderate to considerable operator compensation, with the high and aft CGs being 
the least favorable. Subsequent NEEMO tests evaluated four additional CG configurations located within 
the region expected to contain the lunar spacesuit system CG. Preliminary unpublished results indicated 
that these CG locations were acceptable based on crew GCPS ratings. 

Although it provides an insightful first look at the effect of CG on human performance in lunar 
gravity, the underwater environment does not permit several critical data parameters such as metabolic 
rate and biomechanics to be collected. The purpose of this study was to expand on the preliminary CG re-
search from the underwater environments and evaluate the effects of varying CG on human performance 
in lunar gravity using the Johnson Space Center (JSC) SVMF partial-gravity offload system (i.e., POGO) 
with unsuited subjects. 

2.1 Test Objectives 

The primary objective of this study was to evaluate whether and how a change in system CG affects 
human performance metrics (eg, metabolic rate, biomechanics, subjective ratings, stability) in simulated 
lunar gravity during level-ground ambulation, inclined ambulation, exploration tasks, and postural testing. 

It should be noted that this objective was to be tested in both the unsuited and the suited condition, 
but was only tested in the unsuited condition. The POGO, in its current configuration, could not offload 
the additional weight required to complete the test in the suited condition (with the Mark III technology 
demonstrator suit system as described in the IST-1 final report (1) and the new CG rig); therefore, the 
planned objectives for the suited condition were deleted from this test. 

3 Methods 
3.1 Subjects 

The subjects tested were all male crewmembers recruited from a group of astronauts selected to 
support exploration EVA studies. At the time of subject selection, the suited portion of the test was 
expected to be completed; therefore, only those who had a known acceptable suit fit in the MKIII were 
considered for inclusion because of potential medical safety issues. At the time of testing, no available 
female astronauts properly fit in the MKIII suit. 

Over the course of the study, a total of seven subjects participated with five of these subjects 
participating in all portions of the testing protocols. Of the two remaining subjects, one performed only 
the ambulation portion of the study and the other performed only the postural stability and exploration 
tasks. The means and standard deviations for the ambulation subject statistics are: mass 83.2 ± 8.7 (kg), 
height 181.8 ± 6.8 (cm), and age 50 ± 5 (yr). Figure 1 and Figure 2 show the population distribution of these 
test subjects compared to NASA’s Human Systems Integration Requirements (HSIR) database for stature 
and mass. The means and standard deviations for postural stability and exploration tasks subject statistics 
are: mass 78.1 ± 7.4 (kg), height 179.5 ± 6.2 (cm), and age 49 ± 6 (yr). As shown, the distribution of the 
subjects for stature is skewed to the upper end of the database for both the male and the female distribu-
tion. The distribution of subjects for mass is relatively centered for the male distribution. 

As stated, no female subjects participated in this study. It should also be noted that several research 
studies have shown that there are biomechanical differences between males and females, with one study 
showing interesting differences between males and females while carrying loads (4). Therefore, results 
and conclusions should be only considered valid for males. 
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Figure 1. Subject population distribution for stature (cm) against the HSIR database. 

 

Figure 2. Subject population distribution for body mass (kg) against the HSIR database. 
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3.2 Hardware 
3.2.1 Partial-gravity simulator (POGO) 

All reduced-gravity simulations during IST-3 were performed using the SVMF POGO system. The 
POGO system was previously described in the EVA Walkback Test final report (5). The gimbal support 
structure also described in that paper was customized for specific IST-3 applications and will be discussed 
separately. 

3.2.2 Gimbal support structure with adjustable center-of-gravity rig 

The gimbal support structure has been described in the EVA Walkback Test and IST-1 Reports 
(1) (5). To alter the system CG, the gimbal support structure, previously only used for suited applications, 
was modified in two major ways. The first was a modification to support shirtsleeve subjects by attaching 
a harness (Amspec  no. JV0100P, Van Nuys, Calif.), also know as a “jerk vest,” to a flat metal plate rigidly 
connected to the gimbal. The leg straps of the harness were modified such that webbing was sewn to the 
leg straps, which pulled them together. This created a “seat” to improve comfort and remove an artifact of 
the leg straps that tended to pull subject’s legs apart. Velcro® was also added to the leg straps to keep 
the straps securely tight during trials (Figure 3). 

 

 

Figure 3. Shirtsleeve harness (Amspec no. JV0100P) showing additional modifications to the leg straps. 

The second modification was the addition of an adjustable CG rig  with support arms that allowed 
adjustment of system CG by the addition to and variable positioning of weights on the support arms. In 
addition to the movement of the weight support arms and the weights, the system CG was also adjustable 
by moving the “stinger” horizontally through the gimbal support structure or vertically through the con-
nection to the adjustable CG rig. The gimbal support structure with adjustable CG rig is shown in Figure 
4 with the stinger adjustments shown in more detail in Figure 5. 



 

Figure 4. Gim

Figure 5. Stinger in

Initial prototypes of the adjustab
plate that ended just above the glute
testing the harness, this location for 
across the lower back, posing a safe

5 

mbal support structure with adjustable CG rig (offset view). 

nterface to gimbal support structure and adjustable CG rig. 

ble CG rig had the shirtsleeve harness attached direc
eus maximus for the modeled subject with a height o

the edge of the plate proved unsatisfactory because 
ety risk. A portion of the bottom of the plate and plat

 

 

ctly to a metal 
f 182.9 cm. On 
it rested painfully 

te support structure 



 

was removed such that the bottom o
ding was then inserted in place of t
lower back and top of the gluteus m
the subject and the CG rig and provid
more easily translated into moveme
shown in Figure 6. 

 
 

Figure 6. CG

To keep the subject rigidly conn
points on the back of the shirtsleeve
Adjustable straps were then connect
and the adjustable CG rig. These str
directly into the gimbal rather than h

3.2.3 VacuMed oversized trea

The VacuMed large research tre
treadmill testing. This treadmill was

3.2.4 PRO Balance Master® 

The PRO Balance Master® (Neu
assessment and retraining of the sen
unstable support surface (Figure 7). T
control module, and a computer. Th
feet against the support surfaces. T
force plate servo controls, a platfor
Master® computer executes the test 
the platform, and the subject’s ankle
platform, which is designed to provi
to a level starting position between t

 

6 

of the plate was now equivalent with the navel height
the previously existing plate so that the foam contac

maximus. This rigid padding allowed for comfortable
ded a greater surface area of contact so that the subjec

ent of the gimbal support structure and CG rig. These

G rig adjustments for subject comfort and controllability. 

nected to the adjustable CG rig, hardware slid throug
e harness and bolted directly to the back plate of the 
ted to two different locations on each side of the shir
raps were pulled tight to allow the subject’s moveme
having the subject moving independently of the gimb

admill 

eadmill (VacuMed, model no. 13610, Ventura, Calif
s previously described in the IST-1 final report (1). 

urocom International, Inc., Clackamas, Ore.) provide
nsory and voluntary motor control of balance on eith
The system consists of a dual-force plate (18 in. × 18 

he dual-force plate measures the distribution of force
he electronic control module consists of force trans

rm-computer interface, and associated power suppli
protocols, servo commands, and displays. The subje
e joints are aligned with the rotational axis of the sup
ide sway referencing in the anterior-posterior (AP) d
trials. 

t. Rigid foam pad-
cted the subject’s 
 contact between 
ct’s movements 
e changes are 

 

gh the pickup 
adjustable CG rig. 
rtsleeve harness 
ent to transfer 
bal (Figure 6). 

f.) was used for all 

es objective 
er a stable or an 
in.), an electronic 
s exerted by the 
sducer amplifiers, 
ies. The Balance 
ect is placed atop 
pport surface. The 
direction, returns 



7 
 

 

Figure 7. PRO Balance Master® system. 

3.3 Testing Configurations 
3.3.1 Center-of-gravity locations 

Four different system CG locations were tested during IST-3. The CG locations will be defined 
throughout this report as the distance between the subject’s CG and the overall system CG, which includes 
the subject, gimbal support structure, and adjustable CG rig. Error! Reference source not found. shows 
the amount the system CG was offset from the subject’s CG. Negative values in the “Fore/Aft Offset” 
column indicate that the CG was behind the subject’s CG. Positive values in the “High/Low Offset” 
column indicate that the CG was higher than the subject’s CG. CG offsets were set using a 189.9-cm (72-
in.), 81.6-kg (180-lb) male human computer model; therefore, CG offsets will vary slightly among subjects 
as their anthropometrics vary from the human computer model. Table 1 shows both the target offsets and the 
actual achieved offsets. Although achieved offsets were very close to the targeted offsets, there were slight 
differences due to the inability to adjust the spider vertical and horizontal adjustments by anything less 
than 1.27-cm (0.5-in.) increments. 

 
Table 1. System CG Locations 

CG Configuration 
Target 

Fore/Aft Offset 
Target 

High/Low Offset 
Achieved 

Fore/Aft Offset 
Achieved 

High/Low Offset 

Perfect 0.0 cm 0.0 cm 0.2 cm -0.2 cm 

Backpack -4.8 cm 1.0 cm -4.9 cm 1.1 cm 

CTSD -7.6 cm 14.4 cm -7.4 cm 13.7 cm 

POGO -11.2 cm 20.1 cm -10.6 cm 20.1 cm 

 
Figure 8 shows a lateral view of each CG configuration, and Figure 9 shows an anterior view of each 

CG configuration. Note the relationship of the subject to the gimbal axes of rotation, the height of the 
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3.3.2 Offload profiles 

Three different offload profiles were used during this study. The first profile involved no offload, 
with the subjects performing all tasks in 1-g with no CG rig and unconnected to the POGO (1-g). The 
second profile had the subject don the CG rig at the Perfect CG, but with the weight of the CG rig off-
loaded so that the subject’s total gravity adjusted weight (TGAW) was the same as the first profile, his 
1-g body weight (1-g [Perfect]). TGAW, which is defined as the weight remaining on the ground, is the 
product of the total system mass and the offload level. The third profile had the subject don the CG rig 
before the total system mass (combined mass of the subject, gimbal, and CG rig) was offloaded to 
represent lunar gravity (1/6-g) (Perfect, Backpack, CTSD, POGO). 

3.3.3 Test configurations 

Six different CG/offload configurations were tested. They are described in Table 2, based on the 
reference subject’s body mass of 81.6 kg. Each subject’s actual TGAW varied slightly depending on 
respective differences from the reference subject. 

 
Table 2. Test Configurations 

Configuration 
Name 

CG 
Fore/Aft 
Offset 
(cm) 

CG 
High/Low 

Offset 
(cm) 

Subject 
Mass 
(kg) 

Gimbal/CG 
Rig Mass 

(kg) 

Intended 
Offload 

TGAW 
(N) 

TGAW 
(lb) 

Conditions 
Tested 

1-g N/A N/A 81.6 0 1-g 800 180 All 

1-g (Perfect) 0.2 -0.2 81.6 111 Weight of 
CG rig 

offloaded 

800 180 Posture and 
exploration 
tasks 

Perfect 0.2 -0.2 81.6 111 1/6-g 315 71 All 

Backpack -4.9 1.1 81.6 111 1/6-g 315 71 All 

CTSD -7.4 13.7 81.6 111 1/6-g 315 71 All 

POGO -10.6 20.1 81.6 111 1/6-g 315 71 All 

3.4 Test Order 

Initially, the test order was to have all subjects perform the tasks in the 1-g configuration followed 
immediately by the 1-g (Perfect) configuration. After trying to accomplish this with two subjects, it was 
determined that the 1-g (Perfect) configuration was too difficult for the treadmill tasks and incurred an 
unacceptable safety risk to the subject. Therefore, that configuration was not used for the remainder of the 
ambulation trials, although it was used for the exploration and postural stability tasks. It was also assumed 
that the high and aft CG configurations (CTSD and POGO) would be more difficult; so for each treadmill 
test day, the subject completed both the level and the incline conditions with either the CTSD or the POGO 
CG and either the Perfect or the Backpack. With the exception of placing the 1-g trial at the beginning for 
purposes of defining a baseline, all CG configurations were done in a balanced order to minimize possible 
learning and/or fatigue issues for the treadmill days. For each CG/offload configuration on the treadmill 
testing day, the level conditions were completed first and then the incline conditions were completed after 
a rest period. For the posture and exploration tasks test day, the order of the first three configurations was 
fixed as 1-g, 1-g (Perfect), and Perfect. The remaining CG configurations were completed in a balanced 
order. For the posture and exploration tasks days, the postural stability testing was done first immediately 
followed by the exploration tasks (Table 3). 
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Table 3. Test Day and CG Condition Order 

Sub 1 Sub 2 Sub 3 Sub 4 Sub 5 Sub 6 

Day 1 - 
Treadmill 

1-g 1-g 

Day 1 - 
Treadmill 

1-g 1-g 1-g 1-g 

1-g 
(Perfect) 

1-g 
(Perfect) 

CTSD POGO Backpack POGO 

Day 2 - 
Treadmill 

Backpack Perfect Perfect Perfect POGO Backpack 

CTSD CTSD Day 2 - 
Treadmill 

Backpack CTSD Perfect CTSD 

Day 3 - 
Treadmill 

Perfect POGO POGO Backpack CTSD Perfect 

POGO Backpack 

Day 3 - 
Posture and 
Exploration 

Tasks 

1-g 1-g 1-g 1-g 

Day 4 – 
Posture and 
Exploration 

Tasks 

1-g 1-g 
1-g 

(Perfect) 
1-g 

(Perfect) 
1-g 

(Perfect) 
1-g 

(Perfect) 

1-g 
(Perfect) 

1-g 
(Perfect) 

Perfect Perfect Perfect Perfect 

Perfect Perfect POGO Backpack CTSD Backpack 

CTSD POGO Backpack POGO Backpack CTSD 

POGO CTSD CTSD CTSD POGO POGO 

Backpack Backpack 

3.5 Test Protocols 
3.5.1 Level ambulation 

All level ambulation was performed on a treadmill with the grade set to 0%. Treadmill speeds were 
0.4, 0.8, 1.3, 1.7, 2.1, and 2.5 m•s-1. Time at each speed was 3 min. For each condition, subjects started at 
the lowest speed and proceeded continuously to the fastest speed. 

3.5.2 Graded ambulation 

All graded ambulation was performed on a treadmill with the speed set to 0.8 m•s-1. This speed, 
which was selected to overlap with one of the level-ambulation speeds, seemed a reasonable estimate 
of the speed that an astronaut might employ walking up and down slopes during a lunar EVA. Treadmill 
grades were -10%, 0%, 10%, 20%, and 30% incline. Time at each grade was 3 min. For each condition, 
subjects started at the decline and proceeded incrementally to the highest incline. Because of equipment 
calibration needs, a short break of approximately 1 to 2 min was required between each incline stage. 
Although the 0% incline stage was part of the graded ambulation data set, it was actually completed 
during level-ambulation data collection. 

3.5.3 Exploration tasks 

Subjects performed three distinct exploration tasks representing typical activities expected during 
lunar EVA operations. All tasks were short in duration, lasting only a few seconds. This was done inten-
tionally to be able to compare results to a concurrent study using similar techniques during parabolic 
flight (6). 

 
1. Rock pickup – Subjects stepped onto two force plates with one foot on each force plate and got 

into a steady position. They then bent down to pick up a 2.7-kg lead shot bag and then stood up 
completely. Subjects then returned the bag to the starting point, stood back up, and stepped off 
the force plates. To be consistent with previous studies, the bag was elevated on a surface 50 cm 
from the top of the force plates (2). 

2. Shoveling – Subjects were provided a shovel before the beginning of this task. They then stepped 
onto two force plates with one foot on each force plate and got into a steady position. The subjects 
then proceeded to shovel a 2.7-kg lead shot bag from the 50-cm elevated surface before dumping 
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the bag on the floor. Once the single shovelful was transferred, subjects stepped off the force 
plates. To be consistent with previous studies, the bag was elevated on a surface 50 cm from 
the top of the force plates (2). 

3. Kneel and recover – Subjects kneeled on one knee and returned to a standing position. Subjects 
always kneeled on the right knee. 

3.5.4 Postural stability 

Postural stability testing was performed with the subject standing quietly on a computerized dynamic 
posturography (CDP) system force plate (support surface) with arms folded across the chest. The subject 
was asked to maintain stable, upright stance under two 100-s-duration quiet stance conditions: Sensory 
Organization Test (SOT) 1, a standard clinical Romberg test condition with eyes open and fixed support 
surface; and SOT 4, a test identical to SOT 1 except that somatosensory inputs were distorted by sway-
referencing (rotating about the ankle joint in direct proportion to the instantaneous center-of-mass sway 
angle) the support surface. Following the two quiet stance conditions, the subject was asked to maintain a 
stable, upright stance throughout a series of six 10-s duration motor control tests (MCTs), each challenging 
the posture control system with a sudden toes-up (TU) or toes-down (TD) rotation (840-ms rest, 8°/160 
ms-perturbation, 9-s recovery). The six trials consisted of three TU trials and three TD trials presented 
according to a randomized schedule for each configuration. 

3.6 Metabolic Data Collection and Analysis 

During all ambulation testing, metabolic rate was determined from the continuous measurement 
of oxygen consumption (VO2), carbon dioxide (CO2) production, and expiratory volume (VE) using an 
oronasal mask with the COSMED K4b2 (COSMED USA Inc., Chicago, Ill.). Heart rate was monitored 
from a chest strap monitor (Polar S810i, Lake Success, N.Y.). 

The metabolic rates represent the highest 1-min average (VO2) during each of the 3-min walking 
stages. Metabolic rate was defined as milliliter of oxygen consumed per kilogram of the subject’s body 
mass, per minute (mL•kg-1•min-1). For all metabolic data, the best second-order polynomial fit was used 
for displaying trend lines. 

Due to the limited sample size (n = 6), inferential statistics were not used; therefore, statistical 
significance was not calculated. For these analyses, a change in metabolic rate of 3.5 mL•kg-1•min-1 was 
chosen for practical significance. Rationale for this choice was described in the IST-1 final report (1). 

3.7 Biomechanical Collection and Analysis 

Four strain-gauge-type force plates (AMTI, Watertown, Mass.), which were mounted to the frame of 
the treadmill under the belt, recorded ground reaction force (GRF) during the ambulation trials. The GRFs 
recorded on the treadmill were normal (perpendicular) to the surface of the treadmill. Two additional force 
plates (AMTI, Watertown, Mass.) were used during the exploration task trials to record GRF and center 
of pressure (COP). During exploration tasks, the subjects would stand on top of the force plates while 
performing their task. 

A Vicon MX motion capture system (Vicon, Oxford, England) was used to capture the kinematic data. 
Small retroreflective markers were placed on key landmarks of the body and on the CG rig and gimbal. 
Data were processed with a model custom made for use with the CG rig and gimbal. This new model 
provided additional flexibility and accuracy over previous models. The model used inverse kinematics 
and dynamics to calculate the output variables. The data processed with this model output kinematic, 
kinetic, and temporal-spatial information. For this report, we have used definitions, reference frames, 
and reference planes commonly employed in biomechanics and prescribed by the International Society of 
Biomechanics (7). Appendix A contains reference materials and graphical representations of the 
previously mentioned items. 
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The marker set used during the IST-3 testing was an unsuited marker set modified to be compatible 
with the CG Rig harness (Figure 10). Six of the markers, shown in orange in the figure, were only used 
for a pretrial static data capture and were removed before trials began. Ten additional markers were used 
on the CG rig and gimbal support structure to capture the motion data and location of the different rigid 
body sections (Figure 11). 

 

 

Figure 10. Illustration of marker placements for the unsuited subject. The markers in orange were only used for a 
static recording and were removed before the trial began. 

 

Figure 11. Illustration of marker placements for the gimbal support structure and CG Rig. 

Electromyography (EMG) was collected with a Telemyo™ 2400 (Noraxon Inc., Scottsdale, Ariz.) 
wireless data collection system. The EMG signal was transmitted to the Vicon Nexus software and was 
recorded with the other data at a 1,000-Hz sampling rate. Processing of the data was done using custom 
code written with MATLAB software (The MathWorks™, Inc., Natick, Mass.). The EMG sampling sites 
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were rectus abdominis, erector spinae, rectus femoris, vastus lateralis, semitendinosus, anterior tibialis, 
and soleus muscles. 

Subjects were prepped for electrode application before testing. Prepping included shaving the hair, 
removing dead skin cells, and using an alcohol swab to remove excess dirt for each application site. The 
surface electrodes were silver-silver chloride dual snap electrodes with a diameter of 1 cm each (Noraxon 
dual electrode; Noraxon Inc., Scottsdale, Ariz.). Each surface electrode was applied and secured with co-
band. The subjects then wore spandex pants with the cables coming out at the waist for testing. The CG 
rig harness was placed on the subject in a manner that would not apply pressure or tension to the EMG 
electrodes or cables. All EMG electrodes were applied to the right side, and only the right foot was 
used for event markers. 

All raw data were filtered with appropriate filtering algorithms. Because of data collection 
frequency differences, the 1,000-Hz data were either down-sampled to 100 Hz or expressed as time-
independent variables. 

3.8 Subjective Data Collection and Analysis 

The following subjective ratings were recorded at various times throughout the test (additional 
information on each of these scales is included in Appendix B): 

 
 RPE (8) was used to gauge how much effort subjects felt they must exert to complete each 

condition. The RPE was collected at 30 s into the trial and during the last 30 s of the ambulation 
trials. It was also collected immediately on completion of all postural stability and exploration tasks. 
With the small sample size, statistical significance was not tested but, rather, levels of practical 
significance were predefined. For these analyses, a change in RPE of 2 was chosen for practical 
significance. RPE changes of one unit are approximately at the level of practical significance for 
VO2; but because RPE is a whole-number scale, it would take a change > 1 to see practically 
significant differences in metabolic rate. 

 The GCPS was used to determine the level of compensation a person feels is necessary to 
maintain performance as compared to that person’s performance unsuited in 1-g (5). GCPS was 
collected at 30 s and during the last 30 s of the ambulation trials. It was also collected immediately 
on completion of all postural stability and exploration tasks. GCPS, unlike RPE, is not a continu-
ously linear scale. Therefore, changes in GCPS are more complicated to assign a simple level of 
practical significance. It is reasonable to define a range of GCPS in which changes within the range 
are of interest but would not be considered to be practically significant. Using this breakdown, we 
selected a GCPS category of 1 to 3 as “ideal,” 4 as “acceptable,” 5 to 6 as “modifications warran-
ted,” 7 to 9 as “modifications required,” and 10 as “unable to complete task.” A level of practical 
significance for GCPS is therefore one in which the value changes to a different category. 

 The Corlett & Bishop body part discomfort scale was used to characterize discomfort at different 
body locations (9). Discomfort ratings were collected during the last 30 s of ambulation trials and 
at the completion of the postural stability testing and of the exploration tasks series. 

 Thermal comfort and preference were assessed for two reasons: (a) to determine the thermal 
comfort of the subject and (b) to determine whether any changes were necessary to improve the 
thermal comfort of the subject during testing. Thermal comfort was assessed using the Bedford 
scale (10). Thermal comfort and preference were collected during the last 30 s of ambulation 
trials and at completion of the postural stability testing and of the exploration tasks series. 
 

The addition of collecting GCPS and RPE at both the 30-s mark during ambulation and at the end 
was to begin to determine whether, and how, these ratings change over the course of time spent doing a 
constant activity as well as to be able to compare to results with a concurrent study using similar protocols 
during parabolic flight. In addition, GCPS will be used in conjunction with RPE to develop predictive mod-
els for metabolic rate with the intent to use these subjective factors in other lunar analog environments, 
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such as underwater analogs and parabolic flight, in which direct measures of metabolic rate are currently 
not possible. Discomfort and thermal comfort were both primarily used for test termination criteria as 
well as to provide feedback to the test team concerning test hardware, conditions, and length of trials. 
Discomfort and thermal data will not be presented or discussed in this report. 

3.9 Postural Stability Data Collection and Analysis 

The primary postural stability data for this experiment were obtained from GRFs sensed by load 
cell transducers mounted in the support surface and sampled at 100 Hz. Subject weight was determined at 
each test condition by averaging the summed values of the normal force transducers over the entire 100-s 
SOT 1 trial. During each trial, an instantaneous subject COP position was computed from analysis of the 
load distributions among the four normal force transducers at each sampling time. Instantaneous center-
of-mass (COM) sway displacement in the sagittal plane (Xcm) was then estimated by low-pass filtering 
(fc = 0.85 Hz) the AP component of the COP displacement data, and instantaneous COM sway velocity 
(Vcm) was estimated by digitally differentiating the sway displacement data. Peak-to-peak (p-p) 
displacements and velocities over each trial were obtained from these data series. 

A dimensionless performance measure, the equilibrium (EQ) score, was computed using the first 
20 s of data from each SOT trial for comparison with clinical norms. Assuming a single link inverted 
pendulum model having a longitudinal COM location proportional to the subject’s height, instantaneous 
COM sway angles, , were estimated from instantaneous Xcm data. The AP p-p sway angle, pp (in degrees), 
was then used to compute EQ = 100 × (1 – (pp/12.5°)), where 12.5° is the theoretical maximum stable 
p-p sway displacement in the sagittal plane. Norms used for comparison in this study were obtained from 
the distribution of preflight performance scores garnered from more than 150 subjects previously tested 
in the JSC Neurosciences Laboratories. 

More robust indicators of postural stability control were obtained by combining Xcm and Vcm data. 
Instantaneous time to contact (TTC) was defined as the amount of time it would take to reach the closest 
limit of stability (ie, fall) at any point in time during the trial. TTC was estimated throughout each trial by 
projecting the COM displacement from its current instantaneous AP position at its current instantaneous 
AP velocity until it intersected the limit of support represented by the maximum anterior or posterior as-
pect of the foot. The absolute minimum value of this data series over the trial, minimum time to contact 
(TTCmin), was used as an estimate of the greatest threat to postural stability during each trial. When loss of 
balance occurred, TTCmin was 0 s. An estimate of the average value of the threat to postural stability was 
obtained by numerically integrating the instantaneous TTC curve beneath an arbitrary ceiling set at TTC 
= 10 s. This parameter, integrated time to contact (iTTC), indicated the amount of time during the trial that 
the TTC was ≤10 s. Thus, lower TTCmin values and higher integrated TTC (iTTC) values indicate decreased 
performance. For the 100-s duration SOT trials, the minimum and maximum possible values for the iTTC 
were 0 s2 and 1,000 s2, respectively, while for the 10-s duration MCT trials, the minimum and maximum 
possible values were 0 s2 and 90 s2 (analysis was limited to the 9-s recovery period that followed the 
perturbation). 

3.10 Imaging 

Digital video was taken for each subject during every test condition. Audio was not captured consist-
ently during the video recording. Whenever possible, digital photographs were taken of the subject from 
the front and side during each test condition. 

4 Results and Discussion 
4.1 Center-of-gravity Locations 

CG locations for the system CG in relation to the subject and the gimbal axes of rotation were mod-
eled before the test to provide the configuration of the CG rig for each condition, but these locations were 
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based on the standard subject model (182.9 cm, 81.6 kg). To determine how much variation occurred 
because of varied subject anthropometry, further analysis was performed using each individual subject’s 
height and weight to modify the standard subject model on completion of the test sessions. Subjects were 
lined up in a consistent orientation (top of the shoulder lined up with the top of the back plate) to the gimbal 
support structure before the CG of the system and the relation of the system CG to the gimbal axes of ro-
tation were recalculated. This recalculation proved valuable for another reason: Three of four CGs were 
well tolerated, but the CTSD CG was consistently the most difficult for all subjects to cope with. When 
performing tasks in this CG, many subjects described the feeling as similar to a “horse-collar” tackle in 
football (11) (12), with subjects feeling as though they were being pulled down and backwards from the 
base of the neck. Because these subjects did not experience this with any of the other conditions, the 
investigative team believed there was an error in the initial model calculations. 

Figure 12 demonstrates the variability in how the system CG differed from the subject CG on an 
individual basis and with reference to the initial model calculations. In most cases, the system CG loca-
tions with respect to the individual subject CG were within 2 cm in any direction of the model calcula-
tions. For the Perfect and the Backpack CGs, the variation was primarily in the Y axis; but for the CTSD 
and the POGO CGs, the variation was in both the X and the Y axis. 

 

 

Figure 12. Individual subject differences in how the system CG varied from the subject CG. 

Figure 13 shows the relationship of the system CG to the gimbal axes of rotation. Again, the variation 
in the Perfect and the Backpack CGs are primarily in the Y axis, and the CTSD and the POGO variation 
was in both the X and the Y axis. In previous studies, when subjects were allowed to freely choose how 
they are oriented into the gimbal, the system CG was typically aligned so that it was slightly (≤ 2.5 cm) 
forward and low of the gimbal axes of rotation (5) (1). This positioning is assumed to be the most advan-
tageous to human performance. Given the orientation of the human body and the types of tasks performed 
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in this test, we expected small variations in the Y axis alone would not account for significant physiologic 
changes during upright-type tasks because the variation would still be in line with the lift vector and grav-
ity. On the other hand, variations in the X axis could impact performance, especially during upright tasks, 
as the POGO and the gimbal system would impart rotational forces to line up the system CG with the lift 
and the gravitational forces in the vertical plane. Of the four CG locations, only the CTSD CG had an align-
ment that placed the system CG behind the gimbal axes of rotation, which would be consistent with the 
subjects’ experience in which they felt they were being pulled down and backward. 

 

 

Figure 13. System CG relation to the gimbal axes of rotation for each individual subject. 

4.2 Level Ambulation 

Out of 180 trials, 174 were completed. All of the missing trials come from the CTSD CG condition. 
Half of the missing trials were not completed because the subject exceeded the maximum heart rate (HR), 
as described in Appendix F: Test Termination Criteria, during the prior trial. The other missing trials were 
not completed because of subject discomfort and an inability to position the subject properly in the rig. 

4.2.1 Metabolic results and discussion 

Metabolic rate was very similar for all varied CGs, except for CTSD, which had higher mean 
metabolic rates at all speeds (Figure 14). The baseline 1-g results were similar to the varied CG conditions 
while walking at speeds through 1.25 m•s-1. Baseline 1-g results were slightly greater than all but CTSD 
at 1.67 m•s-1, and were significantly greater (> 3.5 mL•min-1•kg-1) during the running speeds than all other 
CG conditions. 
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Figure 14. Metabolic rate for different CG conditions during shirt-sleeved ambulation on a level treadmill. 

Figure 15 shows the nearly complete overlap of metabolic rate for the Perfect, Backpack, and POGO 
CG conditions, with the CTSD CG trending significantly higher on average. All of these were unexpected 
findings. Preliminary predictions were that the Perfect and Backpack CGs would lead to similar perform-
ance because they were closest to the 0,0 origin and that the CTSD and POGO CGs would lead to similar 
performance because they were both high and aft locations. To have the less high-and-aft CG (CTSD) of 
the two high-and-aft CGs (CTSD and POGO) lead to significantly higher metabolic rates was unexpected. 
Reasons for this poor performance were more likely related to the misalignment of the system CG with 
the gimbal axes of rotation than to the actual offset of the system CG from the subject’s CG. Finally, all 
but the baseline 1-g data showed linear trends relating metabolic rate to speed. 

Figure 16 shows similar metabolic responses for all subjects while walking and running on a level 
treadmill in 1-g and in simulated lunar gravity at the different CG configurations. For varied CG condi-
tions, individual differences were not clearly evident for any CG other than the CTSD CG, with several 
subjects failing to complete all six speeds. Subjects were able to complete all trials at all other CG 
configurations. 
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4.2.2 Biomechanics results and discussion 
4.2.2.1 Kinetics 

Kinetic analysis describes the methods the body uses to store, absorb, transfer, and expend energy. 
Studying these interactions, we can determine the nature of interactions between the human body and its 
environment. Normally, the body is a self-sustaining dynamic entity that receives no energy inputs from 
the surrounding environment. The POGO testing environment is not a passive environment and will im-
part some energy into the human body during ambulation. For this test, kinetics were measured via the 
GRF for the six crewmembers for all conditions completed. 

In the current test, as with previous tests in the IST series, kinetic data were provided in the form 
of peak vertical GRF that represent the normal force acting on the subject when that subject is in contact 
with the walking surface (treadmill). Typically in literature as well as in these studies, GRF is represented 
as a function of body weight (BW). In the current study, GRF values for all tested conditions were normal-
ized to the subject’s 1-g BW. Normalization of the GRF data to subjects’ respective BWs allows for a 
direct comparison to be made across subjects for the tested conditions. 

Ground reaction force 

In the current study, normalized peak vertical GRF for 1-g ambulation increased with an increase in 
ambulation speed (Figure 17). This follows expected trends seen in literature (13). As illustrated in Figure 
17, a more notable increase is seen in normalized GRF values for the 1-g trials at 2.1 and 2.5 m•s-1 (ie, 
running trials). Conversely, normalized peak vertical GRF for all CG rig conditions appeared to plateau 
after subjects reached a 1.7-m•s-1 ambulation speed. This may indicate a less-prominent change in the 
adopted gait pattern at higher speeds, since subjects were offloaded to lunar gravity and did not need to 
develop as much propulsive force during gait. 

Literature shows that peak vertical GRF during 1-g running registers roughly 2.5 times BW (13) (14). 
Results from the 1-g condition followed this, with normalized peak vertical GRF values ranging roughly 
between 2.3 and 2.6 times 1-g BW for the 2.5-m•s-1 running trial (Figure 17). Data from offloaded 
conditions reveal that GRF experienced by subjects in the CG rig ranged from approximately 0.5 times BW 
at a speed of 0.4 m•s-1 to approximately 1 BW at a speed of 2.5 m•s-1. Minimal differences among varying 
CG conditions were observed for all subjects across all ambulation speeds (Figure 17). 

 

 

Figure 17. Mean peak vertical GRF, normalized to subjects’ 1-g body weight, for shirt-sleeved ambulation on a level 
treadmill at different speeds. All varied CG conditions were performed at simulated lunar gravity. 
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Center-of-gravity excursion in the POGO test environment 

Moving the body’s CG is one of the main modes the body has of energy absorption, transfer, and 
expenditure. During walking and running, the body expels energy, propelling its CG up and forward, then 
absorbs energy as it comes back down and reacts with the ground (15). The faster a person walks or runs, 
the more energy that person puts into moving the CG. At first, a person would suppose that minimizing the 
CG excursion would improve the overall efficiency of the system, but, in reality, it has the just the oppo-
site effect (16) (17). This is in part due to the human body’s leg bones acting as a type of pole vault to 
help redirect the CG vector with little muscle work. 

Figure 18 and Figure 19 display the ranges of CG excursion per condition and per treadmill speed 
as well as the percentage difference between the unsuited 1-g condition and the CG rig conditions. The 
excursion was only examined in the vertical direction and at roughly the same point (pelvis centroid) on 
all subjects. Dots represent the average of each subject’s average over all cycles for the left foot. Error 
bars represent the standard deviation of those averages across subjects. The unsuited 1-g condition followed 
a near-linear progression from low to high speeds. The varied CG conditions followed a parabolic trend. 
The spread of the averages is fairly tight across the speed conditions. The middle speed (1.3 m•s-1) also 
seemed to be a common point of excursion range among all conditions. 

 

 

Figure 18. Average CG excursion range (pelvis centroid) among conditions with respect to speed. 
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Figure 19. The change in CG excursion range of the CG rig conditions compared to the unsuited 1-g 
condition with respect to speed. 

Examining the difference in excursion between the body and the CG rig can help determine the 
dynamics occurring between the mechanical system (POGO, gimbal, CG rig) and the human. In Figure 20, 
the pelvis centroid is plotted against the motion of the CG rig in a single sample of series of gait cycles. 
The actual displacements are shifted by a static offset so the two traces overlap. Excursions of the CG rig 
were larger than that of the body throughout trials. Two separate problems are shown in this graph. First, 
substantial displacement differences were seen between the peak and valley measurements for the subject 
and the CG rig. The variability of the difference between the CG rig and the subject CG would imply that 
the CG rig has significant freedom to move independently of the subject’s body. Second, this independence 
allowed the subject and CG rig to become out of sync spatially and temporally. These differences occurred 
constantly between the CG rig and the body. Gait cycle averages also were not uniform in magnitude. The 
peaks and valleys are slightly out of phase from each other, with the body leading the CG rig by 5% to 10% 
of the gait cycle in this sample. This phenomenon comes from the large inertia of the gimbal and the CG 
rig system coupled to the POGO, causing the whole system mass (POGO, gimbal, CG rig, human body) 
to oscillate on a larger, slower scale on top of the smaller, quicker oscillations of the subject CG during the 
gait cycle (Figure 21). The nonuniform shape to the pelvis centroid peaks showed there were changes to 
the body dynamics near its peak excursion. This was most likely the result of dynamic collisions with the 
CG rig via the harness as a result of the phase difference. 
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Figure 20. Sample of the vertical motions of the pelvis, taken at its centroid, as compared to the vertical motion of the 
center of the CG rig. (NOTE: The CG rig data points are shifted vertically by a static offset for graphing purposes.) 

 

Figure 21. Plot of the CG rig (red) with a 6th-order polynomial fit (black) showing the slower system  
oscillation during 36 s of ambulation. 

Inertial forces in the POGO test environment 

Inertial forces are not often thought about as they do not exist until an object with mass begins to 
accelerate. The human body is constantly accelerating and decelerating during ambulation, although am-
bulation may be at a constant speed. Aside from the whole body CG accelerations, each body part (except 
for the head) is usually in some kind of dynamic motion. Therefore, each segment mass requires a small 
force to get it moving and then to slow it down again. 

When ambulating in an environment such as that of the POGO, the gimbal has a substantial added 
inertia, as does the CG rig. In total, the CG rig and gimbal more than double the body’s normal mass and 
add over 15 times the upper body’s normal rotational inertia. As the body translates and rotates, the added 
mass and inertia become quite substantial, requiring the body to compensate and change normal dynamics 
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to limit the additional energy needed. Table 4 shows the inertial parameters of the human male standing 
and the human male torso segment against those of the current POGO gimbal. The principal axes for all 
three systems are located at the relative CG and are nearly coaxial to each other. The Ixx axis is anterior-
posterior (frontal plane), the Iyy axis is medial-lateral (sagittal plane), and the Izz axis is superior-inferior 
(transverse plane). 

 
Table 4 Inertial Comparison Among an Average Human Male Standing, the Human Male Torso  

Segment Only, and the POGO Gimbal 

Moment of Inertia (kg·m2) Standing Torso Only POGO Gimbal 

Ixx (AP, through CG) 13.40 1.62 0.03 

Iyy (ML, through CG) 11.89 1.08 3.95 

Izz (SI, through CG) 1.72 0.38  14.54 

4.2.2.2 Temporal-spatial Characteristics 

Temporal-spatial characteristics pertain to a series of parameters that can be measured during 
ambulation that helps to differentiate changes in gait strategy or compensation for changing conditions. 
Primarily, these characteristics include timing of specific characteristics of gait (eg, time between initial 
contacts) or the spatial distances in which these characteristics occur (eg, linear distance between the feet 
at the initial contact). 

Stance time 

Stance time refers to the amount of time during the gait cycle that the foot is in contact with the 
walking surface. In the current study, subjects exhibited a consistent decrease in mean stance time with 
increased ambulation speed (Figure 22). Additionally, the variability observed across conditions notably 
decreased with increased speed. 

 

 

Figure 22. Mean stance time in seconds for shirt-sleeved ambulation on a level treadmill at different speeds. All varied CG 
conditions were performed at simulated lunar gravity. 

Figure 23 illustrates the variation observed between the various CG conditions and the 1-g, no-rig 
condition. A notable variation in stance time values was observed at an ambulation speed of 0.4 m•s-1, 
possibly because ambulating at such a slow speed elicited the adoption of inconsistent gait patterns by 
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subjects. The largest percentage difference for all CG conditions, except for that of the “POGO CG,” was 
observed at the 1.7 m•s-1 speed (~ -25% to -28% difference from 1-g) that may indicate inconsistent gait 
patterns adopted by subjects at this speed while attached to the CG rig and being offloaded to simulated 
lunar gravity. As seen in the GRF data, stance time for the CG conditions plateaus at the faster speeds, 
whereas the 1-g stance time does not. 

 

 

Figure 23. Percentage difference for stance time between varying CG conditions and the 1-g,  
no-rig condition as a function of speed. 

Step width 

Step width refers to the medial-lateral distance between the left and the right foot during the support 
phase of the gait cycle (ie, the portion of the gait cycle in which the foot is in contact with the walking 
surface). This metric can be used to provide an indication of stability during gait, with wider step widths 
suggesting greater amounts of effort to maintain stability. 

Mean-step width decreased modestly with increased ambulation speed (Figure 24). Mean-step width 
for the 1-g condition was consistently lower than mean-step width for the varying CG rig conditions, with 
the exception of the 1.7 and 2.1 m•s-1 speeds. These results suggest a greater amount of stability during 
ambulation under 1-g conditions.. This is also demonstrated by notable percentage differences between 
offloaded conditions and the 1-g condition (Figure 25). 

The lowest mean-step width for all conditions occurred at the fastest ambulation speed (2.5 m•s-1), 
suggesting an increased amount of stability during stance at this speed. This may be because the stance 
time at this speed is considerably lower than at slower ambulation speeds (Figure 24). Additionally, 
subjects were less prone to making minor adjustments during each step/stride to maintain posture and 
forward progression at the faster gait speeds than at the slower gait speeds. 
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Figure 24. Mean step width for shirt-sleeved ambulation on a level treadmill at different speeds.  
All varied CG conditions were performed at simulated lunar gravity. 

 

Figure 25. Percentage difference in step width at different speeds between varying CG conditions at  
1/6-g and the 1-g, no-rig condition. 

Mean-step width was examined using line plots to compare varying CG rig conditions to the 1-g, 
no-rig condition. Differences were calculated using three-dimensional trajectories of feet markers from 
motion capture data. It should be noted that differences exist between the following data and those pre-
sented in earlier figures (Figure 26). The reason for this involves the method used to determine and calcu-
late step width. For instance, Figure 24 and Figure 25 represent data that involve plotting of marker trajectory 
only. However, on review of video footage, it was noted that several subjects adopted an off-balance gait 
when performing ambulation tasks. Therefore, the results provided in the main body of the report reflect 
calculations that addressed this off-balance gait by accounting for the asymmetrical orientation of the 
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pelvis. The Figure 26 plots, while calculated differently than preceding figures, still provide relevant data 
for examination of the effect of offloading and added mass on step width for an unsuited subject. 

 

 

Figure 26. Change in step width among varying CG conditions and the 1-g, no-rig condition for tested ambulation speeds. 

The inability of subjects to attain any consistent, cyclic motion in their gait pattern while ambulating at 
0.4 m•s-1 led to greater variability in step width. In fact, the 1-g, no-rig condition appeared to have a wider 
step width at this speed than any other speed (Figure 26), suggesting difficulty in maintaining consistency 
of gait at this speed. 

For all gait speeds other than the slowest (0.4 m•s-1) and fastest (2.5 m•s-1), the smallest difference 
from the 1-g, no-rig condition was observed for the “CTSD” condition. For both running speeds (2.1 and 
2.5 m•s-1), the “POGO” condition was associated with the greatest difference from the 1-g condition. 
This finding suggests that when subjects were ambulating at speeds requiring clear, single-leg support 
and a greater swing phase of gait (i.e. running), the “POGO” condition was detrimental to unsuited 
performance. One explanation for this may be that subjects needed greater effort to maintain an 
appropriate posture due to the additional inertia of the apparatus in that configuration. As such, they may 
have compensated via wider step width to maintain stability while ambulating at these higher speeds. 

Kinematics 

For the review of kinematic data, first it is important to define some of the terminology used to de-
scribe the joint kinematics in the following discussion. The term flexion describes a decrease in relative 
angles between segments, and extension is an increase in relative angles between segments (Appendix A). 
Flexion will always be referred to as a positive angle; extension will always be referred to as a negative 
angle. This is not to be confused with an isolated joint range of motion (ROM). For example, an isolated 
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hip flexion has a clearly defined starting and stopping point, namely the thigh segment moves from a neu-
tral position of 0° and achieves some value of “X” before returning to the neutral position of 0° (Figure 
A-4). However, during gait the subject may never achieve a neutral position, given the dynamic nature 
of the movement. More specifically, gait is not a series of isolated movements; numerous concurrent 
actions are taking place during walking. Therefore, the accepted method of reporting joint angles is in 
terms of increases in relative angles between segments (extension) or decreases in relative angles between 
segments (flexion), or as total motion of the joint, expressed as a ROM. To be consistent with previous 
tests, the generic term initial contact will be used to describe the instant at which the foot just touches the 
floor; conversely, for end-of-the-floor contact, the generic term end contact will be used. 

Joint angles typically tell a story of how the human body is adapting to internal and external con-
ditions to make smooth ambulation possible. Deviations from normal gait are observed and analyzed as 
to their magnitudes, timing, and curve shape among others. During IST-3, joint angle ROM for the ankle, 
knee, hip, and torso in the sagittal plane of motion was recorded (Figure 27 and Figure 28). Notice in the 
figures that there was little consistency between 1-g gait and gait while in the CG rig. 

 

Figure 27. Joint angles averaged over subjects and gait cycles, categorized by CG condition, and plotted against speed. 
Error bars represent the standard deviation of the subject averages. 

The one exception to this was at the highest speed for the ankle and hip ROM. It was also noted by 
analysis that the preferred method of ambulation while in the POGO was loping or hopping. This devi-
ance changed for the ankle and hip angles at the fastest speed for all conditions as the subjects changed 
from a walk to a run in the 1-g condition. The knee and torso angles still retained their deviance. The dif-
ference in knee angles was due to the knee not having to flex as much to allow for toe clearance during the 
swing phase while hopping in the POGO. The torso angle difference was due to the restriction in movement 
by the POGO system, which prevents proper adaptation to changing conditions. Figure 29 shows changes 
in ROM with respect to 1-g ambulation. Most noteworthy in this graph is the fact that the difference in the 
torso angles remained high throughout all conditions and speeds as a result of the inability of subjects to 
lean during ambulation. Difference in knee angles also remained high as the lofting motion of the lope 
reduced the need for the knee to flex to create adequate toe clearance. 

0.4 0.8 1.3 1.7 2.1 2.5
0

20

40

60

80

S
a

g
itt

a
l A

n
g

le
 (

d
e

g
)

Ankle RoM vs Speed

0.4 0.8 1.3 1.7 2.1 2.5
0

20

40

60

80
Knee RoM vs Speed

0.4 0.8 1.3 1.7 2.1 2.5
0

20

40

60

80

Treadmill Speed (m/s)

Hip RoM vs Speed

 

 

Perfect
Backpack
CTSD
POGO
No Rig (1g)



29 
 

 

Figure 28. Torso joint angles averaged over subjects and gait cycles, categorized by CG condition, and plotted against 
speed. Error bars represent the standard deviation of the subject averages. 

 

Figure 29. Percentage change in ROM of each CG condition from the unsuited 1-g baseline plotted against speed. 

The next several graphs show the average angles for specific joints over the gait cycle separated 
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patterns differ by shape, magnitudes, and timing of the maximum flexion and extension. Interestingly, 
little change was noted among the different CG conditions over the range of speeds, and only slight 
changes were noted among the conditions themselves. This presented a marked difference from the 1-g 
no rig condition, which had distinct changes in patterns and timing as the speeds progressed, especially at 
the highest speed (2.5 m•s-1) when the subjects changed from a walk to a run. 

For the ankle angle (Figure 30), the shape of the CG rig traces across all speeds were very similarly 
shaped to those of the 2.5-m•s-1 unsuited 1-g trace. This shape was primarily due to abrupt loading at the 
heel immediately followed by peak plantar flexing for end contact. Likewise, the timing patterns of the peak 
plantar flexion angle changed with speed in an unsuited, 1-g environment between a walk and a run. The 
timing of the unsuited 1-g trace at 2.5 m•s-1 was typical for running as the percentage of the gait cycle in 
contact with the floor decreases, allowing for a longer stride and greater speed. 

 

 

Figure 30. Ankle joint angle traces over one gait cycle for each CG condition. Each plot is at specific speed. 
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Figure 31. Knee joint angle traces over one gait cycle for each CG condition. Each plot is at specific speed. 

 

Figure 32. Hip joint angle traces over one gait cycle for each CG condition. Each plot is at specific speed. 
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For the torso angle (Figure 33), the shapes of the CG rig traces were fairly uniform in magnitude 
and amplitude as speed increased compared to the unsuited 1-g condition. For the unsuited 1-g condition, the 
angle decreased before it increased as the body used a strategy of transferring forward momentum from 
initial contact to end contact. As speed increased, this shifting became more pronounced. As the stance 
phase of gait cycle shortened with speed, tilting adjusted equally. The exception to this was again the 
CTSD condition, in which the subjects tilted back as the speed increased. In the other conditions, 
subjects remained at a constant forward tilt throughout the speed conditions. 

 

 

Figure 33. Torso angle traces over one gait cycle for each CG condition. Each plot is at specific speed. 

Offloading mechanics 

This section will take a more in-depth look at how the POGO and gimbal/CG rig systems are inter-
acting with the human subject. This comparison will primarily be done in the sagittal plane. 

Changes to traditional heel strike and toe-off patterns were not always observed during the CG rig 
trials. Figure 34 shows the difference in lower limb kinematics at end contact when unsuited (left) and in 
the CG rig (right). In the CG rig trial, stance phase of the gait cycle and the contact angle of the leg have 
been shortened so the leg can no longer produce as much propulsive force in the forward direction. Figure 
35 shows the difference in lower limb kinematics at initial contact when unsuited (left) and in the CG rig 
(right). In the CG rig trial, stance phase of the gait cycle and contact angle of the leg have been shortened 
so the leg no longer absorbs energy produced by the body’s forward momentum. The reduction of the stance 
phase of gait and of leg angles over that contact period would indicate that the body no longer imparts as 
much energy into the ground for propulsive means. If the body were still imparting force into the ground 
to move the body CG, the mechanics of the system dictate that the body was using primarily vertical 
propulsive forces. 
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Figure 34. End contact shown unsuited (left) and on the POGO with a rig (right). Yellow lines indicate the angle of the leg 
with respect to vertical. 

 

Figure 35. Initial contact shown unsuited (left) and on the POGO with a rig (right). Yellow lines indicate the angle of the leg 
with respect to vertical. 

Figure 36 shows how the body had to compensate differently for the CTSD CG. In this case, the 
subject shown has compensated by lowering the pelvis and putting the hip, knee, and ankle in more flex-
ion at initial contact and more hip extension at end contact. This type of compensation is seen when a 
human is pulling or pushing objects. 
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Figure 36. Initial contact and end contact on the POGO at the CTSD CG condition. Yellow lines indicate the angle of the leg 
with respect to vertical. 

4.2.2.3 Electromyography 

The subject’s maximal voluntary contractions (MVCs) for the muscles were not recorded. Testing 
was done over a 2- to 3-day period. With the reapplication of electrodes days apart from the previous test 
day, the EMG signals were not comparable and; therefore, the MVC baselines would not be as useful. To 
compensate for this, a second method that applied a double-threshold detector to the raw EMG signal was 
used (18). However, an unforeseen complication was the heartbeat artifact in the rectus abdominis. High-
pass filtering (19) was unsuccessful at removing this artifact due to the artifact having a frequency in the 
middle of the range of the EMG frequencies. 

Due to complications during testing, only two subjects had a full data set to analyze. Because of 
the complexity of the post-data-collection analysis due to the aforementioned problems incurred during 
testing, only the erector spinae of one subject was analyzed for this report and presented as an example. 

EMG results for the erector spinae at the level treadmill condition of 1.7 m•s-1 are presented in Figure 
37. Shades of grey represent the instantaneous amplitude of the full-wave rectified signal. Three shades 
were chosen to show the level of activation based on the maximum of the rectified, smoothed signal. The 
darker shade signifies higher amplitude while a lighter shade signifies lower amplitude but still activation. 
The shade of gray is based on that trial only. Plots from all trials are included in Appendix E. 

At this ambulation speed, toe-off occurred at approximately 35% of the gait cycle. The Perfect, 
Backpack, and POGO CG rig conditions were fairly similar, with the right side erector spinae firing 
during the middle of the swing phase, which was also the middle of the stance of the left foot. The CTSD 
CG rig condition showed a longer period of activation. This longer period of activation would indicate more 
work was being done by these muscles for this condition over that of the other muscles. A noticeable dif-
ference was noted between each of the CG rig conditions and the 1-g unsuited condition. The 1-g unsuited 
condition had a burst of activity during initial contact and during the swing phase, which was normally 
seen (20). 
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Figure 37. Erector spinae muscle activity during a gait cycle at 1.7 m•s-1. The gray shading indicates the intensity of the 
contraction. 

4.2.2.4 Subjective Results and Discussion 

All references to subjective data refer to the end-of-stage subjective ratings taken at the 3-min mark 
unless otherwise stated. 

4.2.2.5 Rating of Perceived Exertion 

With the exception of 1-g data, RPE trends (Figure 38) were very similar to metabolic trends 
(Figure 14). Mean RPE for the CTSD condition was significantly greater than all other CG conditions 
across all speeds, although the standard deviation range did have some notable overlap with the other 
CG conditions that was not present in the metabolic data. The 1-g RPE ratings, seen at 2.1 and 2.5 m•s-1, 
were very similar to the values of the non-CTSD CGs, which was not the case with the metabolic data. 
This indicates that subjects rated RPE differently under different conditions, such as freestanding in 1-g 
vs. offloaded while connected to the gimbal support structure with CG rig. This is a similar finding to 
what was seen in previous studies in which RPE was rated differently in the suited and unsuited conditions 
(5) (1) (2). 
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Figure 38. RPE at different CG conditions during shirt-sleeved ambulation on a level treadmill. 

4.2.2.6 Gravity Compensation and Performance Scale 

GCPS ratings, which are shown in Figure 39, were significantly greater with the CTSD CG than with 
any other CG. Mean ratings at the CTSD CG indicated that modifications were warranted or required to 
attain desired performance. Ratings at all other CGs were similar and trended towards either desired per-
formance or some modifications warranted to achieve desired performance. In addition, there was a subtle 
trend for GCPS to increase with speed, with the greatest increase coming at speeds ≥ 2.1 m•s-1. 

 

 

Figure 39. GCPS at different CG conditions during shirt-sleeved ambulation on a level treadmill. 
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4.2.2.7 Subjective Rating Changes from 30 to 150 Seconds 

In previous ground-based studies, RPE has been measured only near the end of steady-state tasks. 
Aside from a few exceptions, RPE was taken after 2+ min of steady-state activity, including level and 
graded ambulation, shoveling, rock transfer, and busy board tasks (5) (1) (2). GCPS has been used on 
both short and long tasks, and was taken at the same time RPE was obtained or taken immediately on com-
pletion of shorter tasks. In this study, RPE and GCPS were measured at both the 30-s and 150-s mark of 
the 180-s trials. Figure 40 shows the change in RPE and GCPS from the 30-s mark to the 150-s mark of 
the 180-s trials during level ambulation. In over 90% of the trials, the ratings either stayed the same 
(71% RPE, 82% GCPS) or increased by one (23% RPE, 12% GCPS). 

 

 

Figure 40. Change in subjective ratings from the 30-s mark to the 150-s mark in a 180-s level-ambulation trial (n = 173). 

4.3 Graded Ambulation 

Out of 120 trials, 114 were completed. All of the missing trials come from the CTSD CG condition. 
Half of the missing trials were not completed because the subject exceeded the maximum HR, as described 
in Appendix F, during the prior trial. The other half were not completed because of subject discomfort and 
positioning difficulty. An additional 30 trials from the level-ambulation data set are included in the graded 
ambulation dataset because they provide 0% incline data at 0.8 m•s-1. 

4.3.1 Metabolic results and discussion 

Metabolic rate was very similar for all varied CGs, except for CTSD, which had significantly higher 
mean metabolic rates at all grades (Figure 41). With the exception of the aforementioned CTSD results, 
the baseline 1-g results were similar to the varied CG conditions at -10% and 0% grade. Baseline 1-g 
results were slightly greater than all but the CTSD at 10%, and were significantly (>3.5 mL•min-1•kg-1) 
greater during 20% and 30% trials than all other CG conditions. 
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Figure 41. Metabolic rate for different CG conditions during shirt-sleeved ambulation on an inclined treadmill. 

Figure 42 shows the nearly complete overlap of the Perfect, Backpack, and POGO CG conditions. 
CTSD trended significantly higher on average than all other CGs. Results were similar to the level tread-
mill data. Again, higher metabolic rates in the CTSD condition were assumed to be explained by system 
CG misalignment with the gimbal axes of rotation. All but the baseline 1-g data showed linear trends 
relating metabolic rate to grade at a constant speed of 0.8 m•s-1 at simulated lunar gravity. 

 

 

Figure 42. Metabolic rate for different CG conditions during shirt-sleeved ambulation on an inclined treadmill. 

Figure 43 shows similar metabolic responses for all subjects during 1-g graded treadmill ambulation 
at 0.8 m•s-1. For the varied CG conditions, individual differences were not clearly evident for any CG other 
than the CTSD. Subjects were able to complete all trials at each condition other than the CTSD CG. The 
overall trends for individual subjects show a homogenous response to each CG condition with similar 
results and trends. 
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mean peak vertical GRF tended to decrease with an increase in treadmill incline (approximately 0.7 BW 
at level (0%) walking to 0.5 BW at 30% incline), but a minimal change was observed in mean values 
between level and decline walking. Mean values for the CTSD CG condition exhibited a small, but 
consistent, decreasing trend in GRF with an increase in surface incline; but mean values for the other CG 
rig conditions did not reveal consistent trends across surface incline conditions. 

 

 

Figure 44. Mean peak vertical GRF, normalized to subjects’ 1-g body weight for shirt-sleeved ambulation on a level 
treadmill (0%) and at surface grades of -10%, 10%, 20%, and 30%. An ambulation speed of 0.8 m•s-1 was used across all 

varying surface grade conditions. All varied CG conditions were performed at simulated lunar gravity. 

4.3.2.2 Temporal-spatial Characteristics 
Stance time 

Figure 45 illustrates mean stance time for ambulating at 0.8 m•s-1 at varying surface grades. The 1-g 
condition shows an increase in mean stance time across subjects with increased treadmill grade from the 
10% decline to the 20% incline. Mean stance time results for the various CG rig conditions do not appear 
to follow the same trends observed for the 1-g, no-rig condition. For all CG rig conditions except “Perfect 
CG,” an increase in stance time was seen from level treadmill to ambulation at the 10% surface decline. No 
clear trends were observed across CG rig conditions regarding mean stance time for ambulating at varying 
surface inclines. The POGO CG and Backpack CG conditions yielded an increase in mean stance time 
between level walking and 10% incline, but exhibited a decrease in mean stance time as incline increased. 
The Perfect CG condition followed a similar pattern at these steeper inclines. The CTSD CG condition, 
however, showed a decreased stance time from level to 20% incline, with a slight increase in stance time 
between 20% and 30% incline (Figure 45). It should be noted that, except for the POGO CG condition at 
the -10% decline, mean stance times for all CG rig conditions were less than those for the 1-g, no-rig 
condition across the tested surface grades. 
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Figure 45. Mean stance time for all subjects and conditions tested across surface grades of -10 decline, 0% (level), and 
10%, 20%, and 30% treadmill incline. 

As shown in Figure 46, mean stance time for all conditions, except the POGO CG at the -10% 
decline, is less than mean stance time for the 1-g, no-rig condition. At the steepest incline (30%), stance 
time for all CG rig conditions was less than stance time for 1-g ambulation at the same incline by greater 
than 25%. 

 

 

Figure 46. Percentage difference for stance time between varying offloaded conditions and the 1-g, no-rig condition across 
surface grades of -10% decline, 0% (level), and 10%, 20%, and 30% treadmill incline. 
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Step width 

Figure 47 shows minimal differences in mean-step width across varying surface grades for 1-g, no-rig 
ambulation. All mean values for this condition corresponded to a step width of approximately 0.1 to 0.15 m. 
Mean-step width values for all varying CGs were larger than values for the 1-g, no-rig condition. The largest 
deviation from the 1-g condition was observed at the -10% treadmill grade (~120% greater than 1-g con-
ditions), while the smallest deviation (~5% greater than 1-g) was seen at the 20% treadmill grade for the 
POGO, Perfect, and Backpack (Figure 48). The percentage difference between the CTSD and the 1-g con-
ditions increased between level walking and 20% grade conditions. No remarkable difference was 
observed in percentage difference from 1-g between 20% and 30% grades. 

 

 

Figure 47. Mean step width (m) for all subjects and conditions tested across surface  
grades of -10% decline, 0% (level), and 10%, 20%, and 30% treadmill incline. 

 

Figure 48. Percentage difference for step width between varying offloaded conditions and the 1-g, no-rig condition across 
surface grades of -10% decline, 0% (level), and 10%, 20%, and 30% treadmill incline. 
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4.3.2.3 Kinematics 

Walking on an incline as compared to walking on the horizontal can be distinguished by the fol-
lowing factors: the requirements to raise or lower the body’s COM, the vertical displacement during each 
stride, foot clearance, and joint ROM. The following paragraphs address these factors. 

Numerous studies have demonstrated that the angle of incline is a factor influencing the hip, knee, 
and ankle angles (21). These studies concluded the governing factor regarding the effect of incline on 
lower-extremity joint angle may be the orientation of the COM of the upper body during these tasks. For 
this stage of IST-3, the joint angles were recorded for the ankle, knee, hip, and torso in the sagittal plane 
of motion while the treadmill was inclined or declined at different percentage grades. In Figure 49 and 
Figure 50, joint ROMs are displayed with respect to the incline and the condition. As shown in these fig-
ures, the angles between unsuited gait and CG rig gait joint angle ROM are not very close, but the general 
change in ROM follows the same pattern. The decrease in knee and hip ROM and the increase in ankle 
ROM indicate the subject was not using the same kinematics to adapt to the changes in the environment. 
Figure 51also shows a relatively consistent percentage difference between the unsuited 1-g condition and 
the CG rig conditions. 

 

 

Figure 49. Joint angles averaged over subjects and gait cycles, categorized by CG condition, and plotted against incline. 
Error bars represent the standard deviation of the subject averages. 
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Figure 50. Joint angles averaged over subjects and gait cycles, categorized by CG condition, and plotted against incline. 
Error bars represent the standard deviation of the subject averages. 

 

Figure 51. Percentage change in ROM of each CG condition from the unsuited 1-g baseline plotted against incline. 
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The next several graphs show the average angles for specific joints over the gait cycle, separated 
by treadmill incline (Figure 52 to Figure 55) Distinct differences in patterns are noticeable between unsuited 
Earth-gravity ambulation and POGO ambulation. These patterns differ by shape, magnitudes, and timing 
of the maximum flexion and extension. Again, there is little change between the different CG conditions 
over the range of inclines and only slight changes between the conditions themselves, the exception being 
the CTSD condition that displays a little more variability. The patterns noticeably differ from the unsuited 
condition, which has distinct changes in patterns, magnitudes, and timing as the inclines progress. 

 

 

Figure 52. Ankle joint angle traces over one gait cycle for each CG condition. Each plot is at specific incline. 
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Figure 53. Knee joint angle traces over one gait cycle for each CG condition. Each plot is at specific incline. 

 

Figure 54. Hip joint angle traces over one gait cycle for each CG condition. Each plot is at specific incline. 
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Differences between the CTSD CG and all other CGs are seen in the comparison of sagittal torso tilt 
among the conditions (Figure 55). As the incline changes from a negative to a positive grade, the unsuited 
torso adjusts its tilt accordingly from a backwards to a forward lean to keep the body CG in a balanced 
position. The CTSD condition does not increase past 10°. The rest of the CG conditions slowly increase 
the amount of torso tilt as the incline increases. One noticeable difference between the CG rig conditions 
and the 1-g condition is that the overall range of tilt between the incline conditions is significantly reduced 
in the CG rig, especially in the CTSD condition. 

 

 

Figure 55. Torso angle traces over one gait cycle for each CG condition. Each plot is at specific incline. 

4.3.2.4 Electromyography 

As described previously, only two subjects had a full data set to analyze. For several reasons, 
including problems during testing and lengthy data-reduction processes, only the erector spinae of one 
subject was analyzed for this report and presented as an example. 

For the decline condition, all configurations had muscle activity after the left foot strike (Appendix E). 
All the CG rig configurations had the activity during the swing phase, but it ended before initial contact. 
Compared to level-ground walking, the amount of high-intensity muscle contraction was high. As the in-
cline increased from level, the duration of contraction increased and the duration of higher magnitude of 
contraction also increased. The EMG results for the erector spinae at the 10% incline are presented in 
Figure 56. This incline condition was presented because the 20% and 30% grades were not performed for 
the CTSD CG rig condition. Once again, the 1-g condition showed activation during swing and at initial 
contact, while the CG rig conditions were primarily activated during swing. Of note was the burst during 
stance for the Perfect CG rig condition. Interestingly, at the highest incline, the CG rig configurations 
showed higher-intensity contractions. 
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Figure 56. Erector spinae muscle activity during a gait cycle. Gray shading indicates the intensity of the contraction. 

4.3.2.5 Subjective Results and Discussion 
Rating of perceived exertion 

With the exception of 1-g data, RPE trends (Figure 57) were similar to metabolic trends (Figure 14). 
Mean RPE for the CTSD condition was significantly greater than all other varied CGs for grades of -10%, 
0%, and 10%, although the standard deviation range did notably overlap the other CG conditions, which 
was not present in the metabolic data. At 20% and 30% grade, considerable overlap was noted among CG 
conditions, and no significant differences were noted. This could possibly be related to a few subjects that 
could not complete the higher grades in the CTSD condition. These subjects did not complete the 20% 
and 30% incline trial because they would have exceeded exertional limits set as test termination criteria. 
If they were allowed to complete these stages, the mean RPE ratings likely would have been much higher. 
The 1-g RPE ratings seen at 10%, 20%, and 30% grade were very similar to the values of other CGs; this 
was not the case with the metabolic data. This indicates that subjects rated RPE differently under different 
conditions, such as freestanding in 1-g vs. offloaded while connected to the gimbal support structure with 
CG rig. This finding is similar to that of previous studies in which RPE was rated differently in the suited 
and unsuited conditions (5) (1) (2). 
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Figure 57. RPE at different CG conditions during graded ambulation on a treadmill at 0.8 m•s-1. 

Gravity compensation and performance scale 

GCPS ratings were significantly greater with the CTSD CG (Figure 58) compared to other CG con-
figurations. This was most notable at grades ≤ 10%. At 20% and 30%, there was just enough change in 
the mean that the CTSD condition would still be considered significantly greater than the other CG config-
urations, but there was considerably more overlap in the range of ratings. Mean ratings at the CTSD CG 
indicated that modifications were warranted or required to attain desired performance. Ratings at all other 
CGs were similar and trended towards either desired performance or adequate performance. In addition, 
there was a subtle trend for GCPS to increase with grade. 

 

 

Figure 58. GCPS at different CG conditions during graded ambulation on a treadmill at 0.8 m•s-1. 
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4.3.2.6 Subjective Rating Changes from 30 Seconds to 3 Minutes 
In this study, RPE and GCPS were measured at both the 30 and 150-s mark of the 180-s trials. 

Figure 59 shows the change in RPE and GCPS from the 30-s mark to the 150-s mark of the 180-s trials 
during graded ambulation. In over 90% of the trials, the ratings either stayed the same (62% RPE, 82% 
GCPS) or increased by one (32% RPE, 11% GCPS). Unlike the level-ambulation trials, the graded am-
bulation trials required a break to be taken between each different incline to reset some of the data-
collection equipment. This may account for the increased frequency of the RPE increasing by one 
rather than staying the same. GCPS seems to be less affected by duration, as would be expected. 

 

 

Figure 59. Change in subjective ratings from the 30-s mark to the 150-s mark in a 180-s graded ambulation trial (n = 114). 

4.4 Exploration Tasks 

As discussed previously, one subject from the ambulation trials could not complete the final 
exploration task and postural stability session due to scheduling conflicts. A subject with previous 
experience from IST-1 and -2 was included as the replacement. From the 108 total exploration test points 
from all test subjects, seven test points were either not attempted or led to a GCPS rating of 10, indicating 
the subject could not complete the task at that condition. 

4.4.1 Biomechanics results and discussion 
4.4.1.1 Strategy 

In the current study, subjects performed a series of exploration tasks, including rock pickup, shov-
eling, and kneel-and-recover. The varying movement strategies adopted by subjects to complete these 
exploration tasks do not lend themselves well to traditional biomechanical analyses. Therefore, alternative 
analyses were considered to characterize the performance of these tasks. 

Certain methodological limitations prevented customary biomechanical analyses from being pro-
vided. For example, all offloaded conditions were performed while donning a 111-kg (245-lb) CG rig 
with long arms and a significant amount of mass attached to each arm. The CG rig itself therefore may be 
considered a confounding factor for unsuited subjects, as increased inertial properties associated with it 
may have caused the subjects to alter their movement strategies. 

As each subject adopted a different strategy to complete various exploration tasks, analysis of 
movement during trial performance began with examination of qualitative measures (ie, observation). 
This approach was selected to provide meaningful interpretation of exploration task data, given the dif-
ficulty inherent in generalizing kinematic analyses of variable adopted movement strategies to a popu-
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lation. Additionally, it was worthwhile to determine whether, through a qualitative analysis of subjects’ 
adopted strategy, the system itself and its associated inertial properties had a confounding effect on task 
performance (eg, CG rig inertia forced subjects to adopt a strategy other than that selected in 1-g). 

It should be noted that, in addition to the other CG rig configurations, the 1-g (Perfect) CG rig 
condition was tested for exploration tasks only. 

 
Rock pickup task 

When performing the rock pickup task, subjects approached and then stood on dual force platforms 
(Advanced Mechanical Technology, Inc. [AMTI], Watertown, Mass.) with one foot on each force 
platform, attempting to maintain contact with the force platforms throughout the duration of the task. 
Subjects performed three trials for each of the various CG/gravity conditions. 

Five of the subjects included in the current study report being right-hand dominant, while one subject 
is considered ambidextrous. Based on previous testing in the Mark III technology demonstrator suit and 
the effect that the offloading system appeared to have on subjects’ chosen method of performing the rock 
pickup task, it was deemed worthwhile to examine how the current CG rig and gimbal structures 
affected the adopted strategy of the subjects. For example, it was of interest to examine how subjects 
chose to pick up and set down the rock when performing this task to help determine whether the CG rig 
and gimbal components affected how the subjects approached and completed the task. 

 

 

Figure 60. Hand involvement by subjects to perform the rock pickup task for all tested conditions. DNC = did not complete. 

All subjects picked up the rock with the right hand when performing the task under 1-g, no-rig 
conditions, thus providing a baseline from which to compare other conditions. As seen in Figure 60, not 
all trials performed under offloaded conditions involved the use of the right hand. For example, approxi-
mately 45% of the trials performed at the CTSD CG rig condition involved use of the left hand to pick up 
the rock. This suggests that while unconstrained (eg, under 1-g conditions), the subjects freely selected 
the most efficient movement pattern to complete the task; but when performing the task under varying 
offload conditions in the CG rig, the movement pattern selected was based more on restrictions placed 
on the subject by the components of the system offloading them. 
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This observation is further confirmed by qualitative examination of movement coordination between 
the upper and the lower body to perform the rock pickup task. Again, consistency is observed in the inter-
action of movements between the upper and the lower body when performing the rock pickup task unen-
cumbered in 1-g, no-rig conditions, in that every trial performed by every subject involved squatting 
evenly straight down and picking up the rock with the right hand. Table 5 presents the frequency of each 
combination of upper and lower body interaction when performing the rock pickup task. 

 
Table 5. Upper- and Lower-extremity Coordination – Rock Pickup Task 

CG condition Pick up with left hand Pick up with right hand 
Bend 

down to 
left 

Bend 
down to 

right 

Squat 
straight 
down 

Bend 
down to 

left 

Bend down 
to right 

Squat 
straight 
down 

1-g N/A N/A N/A 0 0 18 
1-g (Perfect) 0 0 3 6 0 13 

Perfect 0 2 4 6 0 6 
Backpack 0 0 3 7 0 7 

CTSD 0 2 6 3 0 7 
POGO 0 0 4 6 0 6 

 
When picking up the rock with the left hand, subjects never bent down to their left. Similarly, when 

picking up the rock with the right hand, subjects never bent down to their right. One possible explanation 
for this finding pertains to the need for subjects to maintain balance to complete the task. It may have been 
easier for the subjects to counteract their reach for the rock with appropriate lower-extremity movement 
(eg, squat down or bend down in the opposite direction). Based on the 1-g baseline findings for this task, 
we could reasonably assume that the CG rig used in the offloaded conditions introduced extra, artificial 
inertial factors that had to be accounted for by subjects when performing the task, thus resulting in the 
movement patterns observed for these conditions. 

Foot placement was observed for each trial to determine whether subjects were capable of main-
taining consistent contact with the force platforms throughout the duration of the trial performed. This 
examination was performed in an attempt to provide a qualitative estimation of subject stability while 
performing this task. Stable foot placement was defined, for purposes of the current test, as minimal to no 
foot movement from the time the task was initiated until the time the task was completed. All trials in the 
current test, performed under 1-g no rig conditions, corresponded to stable foot placement by the subjects. 
Conversely, 50% of the trials performed in the CTSD CG condition and nearly 60% of the trials per-
formed in the 1-g (Perfect) CG condition yielded unstable foot placement. Aside from the 1-g, no-rig 
condition, the Perfect and POGO CG conditions included the most trials in which subjects exhibited 
stable foot placement on the force plates while performing the rock pickup task (Figure 61). 

 
Kneel-and-recover task 

Subjects performed a kneel-and-recover task that involved bending down until the right knee came in 
contact with the ground, then returning to an erect standing posture. Two major techniques were observed 
(Figure 62) when examining performance of the kneel-and-recover task: a controlled, deliberate move-
ment when rising from a kneeling position (ie, “standing up”), and a jumping technique in which subjects 
performed the rise phase via a movement primarily characterized by a disconnect between the feet and the 
ground on rising (ie, “jump up”). Kneel-and-recover under 1-g conditions typically does not involve 
rapid, explosive jumping back up to the standing position, mainly due to the considerable amount of 
muscular effort that would be required to perform such a maneuver. 
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Figure 61. Percentage of performed rock pickup trials in which subjects demonstrated either stable or unstable foot 
placement on the force platforms, or did not complete the task. DNC = did not complete. 

 

Figure 62. Percentage of kneel-and-recover trials performed in which subjects either did not complete the task, stood up 
from the kneeling position, or jumped up from the kneeling position. DNC = did not complete. 
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The preferred strategy under all conditions when performing the kneel-and-recover task was standing 
up rather than jumping up. As expected, no subjects jumped up from a kneeling position when under 1-g 
conditions (1-g no rig and 1-g [Perfect]). However, approximately 25% of the trials performed with the 
Backpack and CTSD settings and over 30% of the trials performed with the POGO CG setting resulted in 
subjects electing to jump up from the kneeling position. This may be a result of assistance afforded to the 
subjects by the offloading system, as well as the fact that these CGs often pulled the subjects backward 
(Figure 63). It would conceivably be easier for the subjects to take advantage of the system and jump up 
if the CG configuration did not allow a shift of their COM forward enough to stand up in a controlled 
fashion with their weight more over the lead leg. 

 

 

Figure 63. Effect of the CG rig (“CTSD” CG configuration, on right) on subject posture at the kneeling portion of the 
kneel-and-recover task when compared to 1-g, no-rig controls (on left). Backward lean of the trunk caused by the CG rig, 
combined with the offload of the subject by the POGO system, allowed subjects to more easily jump up than stand up in 

certain conditions. 

Shoveling task 

Subjects also performed a shoveling task that, like the rock pickup, involved the subject standing on a 
dual-force platform setup (one foot on each platform). Subjects used an Apollo-era-type shovel to move 
a bean bag from an elevated platform (~50 cm higher than the top of the force plates) to the floor. This 
approach was used in an attempt to maintain consistency with previous tests in this series. The complexity 
of the shoveling task resulted in varying interactions between upper and lower extremity segments across 
subjects, and whole-body coordination was required to perform the task effectively and efficiently. Coupl-
ing movement complexity with other test factors (eg, offloading the subject via the POGO gimbal, varying 
CG rig conditions, and limited force platform dimensions on which to stand) may provide some explana-
tion for trends observed in the movement strategies selected for this task. As with the rock pickup task, 
examination of foot placement on the force platforms throughout each trial helped provide a qualitative 
assessment of stability during task performance (Figure 64). 
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Figure 64. Percentage of performed shoveling trials in which subjects demonstrated either stable or unstable foot 
placement on the force platforms, or did not complete the task. DNC = did not complete. 

Stable foot placement on the force plates was observed for all 1-g, no-rig trials (Figure 64). The 1-g 
(Perfect) condition also had a high percentage of completed trials in which subjects had observed stable 
foot placement throughout the duration of the trials. Of the lunar-offloaded trials, subjects maintained stable 
foot placement the most consistently with the Backpack and Perfect CG conditions (Figure 64). Con-
versely, over 50% of performed trials for both the CTSD and POGO CG rig conditions had observable, 
unstable foot placement by subjects when shoveling. 

Several movement strategies were employed by subjects to complete the shoveling task; the exer-
cise of these varying strategies may have also been the reason for observations of unstable foot place-
ment in certain trials. For instance, subjects varied the position and orientation of their hands on the shovel 
handle, effectively altering their approach to the task. This may have been a result of the difficulty experi-
enced from trying to shovel bean bags from an elevated platform, as well as the long length of the shovel 
handle itself, and the subjects possibly attempting to keep the end of the shovel handle from interacting 
with the CG rig when performing the task. This often led to subjects pushing the bean bag off the elevated 
platform rather than actually scooping the bean bag and moving it. 

These factors may also have led to subjects trying to scoop up the bean bag from various angles, thus 
frequently causing the entire elevated platform to move. If subjects were applying any weight through the 
shovel to the platform and were inherently less stable due to POGO offloading, sudden movement of the 
platform would have caused an instability that required measures to be taken by the subject to remain 
under control (ie, alter/readjust foot placement) to complete the task. 

One other factor to discuss as possibly affecting strategy and, therefore, stability during shoveling 
task performance was the interaction between the CG rig and the POGO gimbal. Specifically, a horizontal 
bar located at the bottom of the CG rig would move about the roll axis with movement by the subject, caus-
ing one side of the bar to come in contact with (and often become stuck against) the POGO gimbal 
structure (Figure 65). Such collisions were only noticed during the Perfect CG condition. 
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Figure 65. Visual comparison of interaction (circled) between CG rig and POGO gimbal. On the left, the horizontal bar of 
the CG rig is free from contact with POGO gimbal. 

Once the CG rig came into contact with the gimbal, subjects would either have to forcefully lean to 
free the rig from the gimbal or continue to perform the task without this degree of freedom, thus leading 
to an alteration of strategy to complete the task. Either method was associated with some compensatory 
action that may have, in turn, affected subjects’ stability on the force platforms. 

4.4.1.2 Stability 

Another method of analyzing the exploration data involved the examination of the COP in relation 
to the placement of the feet, the base of support (BOS). For the rock pickup and shoveling tasks, subjects 
were asked to step onto the force plates, stabilize themselves (eg, allow the mechanical system of the sub-
ject, rig, and POGO come to rest), perform the task, stabilize themselves, and step off the force plates. For 
each frame of data, the BOS was calculated using the x, y, and z coordinates of the feet from the motion 
capture data, and the COP was calculated using the moments and forces collected from the AMTI force 
plates. 

Four metrics were computed and analyzed to determine the effects of varying CG on COP: (a) the 
percentage of time the COP was outside the BOS, (b) the number of times the COP fell out of the BOS, 
(c) the average area of the BOS, and (d) the total distance the COP traveled during the task. Each metric 
is an indicator of the subject’s stability when completing the specific task. More specifically, both the per-
centage of time the COP was outside the BOS and the number of times the COP fell out of the BOS repre-
sents the amount of time and frequency during the trial a subject was unstable. The BOS was determined 
from three-dimensional motion capture data for each frame. Thus, solely examining the percentage of time 
the COP was outside the BOS and the number of times the COP fell out of the BOS may be misleading. 
Placement of the feet could change for different configurations, thereby effectively reducing or increasing 
the area on which the subject had to support himself. Hence, examining the average area of the BOS for 
each frame of data is more representative of stability when examined with the percentage of time the COP 
was outside the BOS and the number of times the COP fell out of the BOS. The total distance traveled by 
the COP is also a measure of stability in that the less the COP travels, the greater the stability. 

Figure 66 is a graphical depiction of the how the metrics for this analysis were computed. The 
red and blue lines represent the calculated COP for the right foot and left foot, respectively. The combined 
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COP total is shown as the green line. The black lines are the maximum area the subject used to complete 
the task. 

 

 

Figure 66. Example plot of rock pickup COP trajectory. 

The order of testing is important to note as it may have negatively impacted the results. All 
neurological platform testing was completed first, followed by three kneel-and-recovers, three rock 
pickups, and three shoveling tasks. Further, the first three conditions were always performed in the same 
order: 1-g with no rig, Perfect CG with only the weight of the rig offloaded, and Perfect CG at lunar weight. 
The remaining three configurations were randomized. The lack of randomization among conditions may 
have influenced the results of the stability analysis in that any trends observed may be the result of the 
order tested and not the parameter in question. Note that one subject was not included in this analysis 
because no motion capture data were collected for CTSD and POGO CG configurations. 

 
Rock pickup task 

The protocol for rock pickup included subjects stepping onto the force plates, stabilizing themselves, 
bending down, picking up the rock, bending down, setting the rock back down, and stepping off the force 
plates. However, not all subjects adhered to this protocol. Subject 3 bent down to pick the rock up but 
dropped it onto the platform without bending back down, thus only completing half of the trial. Therefore 
data for Subject 3 were carefully scrutinized when comparing his data with the data of the other subjects. 
Further, for the majority of the trials, the subjects performed the tasks on their toes rather than with their 
feet planted firmly on the force plates. 

The percentage of time that each subject’s COP was outside the BOS is shown in Figure 67. The 
CTSD CG recorded the most percentage of time outside the BOS for all subjects. On average, almost half 
of the trial was spent outside the BOS, which may be due to CG configuration but was more likely due to 
the CG misalignment with the gimbal axes of rotation. For all other CG configurations, the time spent 
outside the BOS was minimal. 
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Figure 67. Average percentage of time the COP was outside of the BOS during the rock pickup task. 

Results demonstrated that only Subject 1 had little difficulty in maintaining stability. Subject 4 
had a high percentage outside the BOS in the 1-g condition; a possible reason for this may be that the 
subject did not stabilize before beginning his task. As the subject stepped on the force plate, he was already 
bending down to pick up the rock. Only for his first trial did this subject have a high percentage outside the 
BOS, with the other two trials around 1%. This also may be due to posterior swaying, as the subject stood 
up from placing the rock down. Subject 3 did not follow the testing protocol by properly replacing the 
rock as instructed. Therefore, results showed that Subject 3 recorded significantly less percentage outside 
the BOS compared to the other subjects at the CTSD CG configuration. The Backpack CG configuration 
for Subject 2 resulted in a higher percentage outside the BOS compared to that of the other subjects. This 
may be due to several factors; eg, configuration being the last tested for the test day and the technique that 
the subject chose (eg, lunged down instead of bent down) proved to be more difficult. Further, the subject’s 
core strength may have been an issue because, across almost all conditions, this subject recorded on 
average a higher percentage outside the BOS compared to other subjects. 

Figure 68 represents the number of times the COP fell outside the BOS. CTSD CG had the greatest 
frequency of recorded times outside the BOS. Subject 2 scored a higher number due to the alternative 
method of the subject hopping into a lunge to pick up the rock. Subject 5 was also noted to use a jumping-
into-position technique for the Backpack CG configuration. These higher frequencies outside the BOS for 
these subjects may be attributed to the sudden movements for which the outcome would be a quick shift 
in COP, resulting in the COP falling out of the BOS. 

It is understood that a subject widens his stance when he is unstable. This gives the COP more room 
to move inside the BOS without resulting in instability. From the data, the CTSD CG had the smallest 
average area of support and the POGO CG had the largest average area of support compared to the differ-
ent CG configurations (Figure 69). From these results it could be concluded that the CTSD CG 
configuration caused the subjects to have less of a BOS whereas the POGO CG resulted in the subjects 
creating the largest BOS. Results from the area analysis are useful in validating the other stability 
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metrics. For example, Subject 1 recorded the least amount of time outside of the BOS (Figure 67), which 
may be due to the increased area of the BOS (Figure 69). 

 

 

Figure 68. Number of times the COP crossed to the outside of the BOS for the rock pickup task. 

 

Figure 69. Average area normalized to 1-g for the rock pickup task. 
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When comparing CG configurations, there were no observable trends for how far the COP trav-
els (Figure 70). Looking at the individual subject results in combination with the average area results 
revealed individual stability. For example, Subject 4 had one of the largest areas of support but, as seen in 
Figure 70, the COP traveled the least compared to that of the other subjects. Normalizing the total COP 
travel to the 1-g condition did not improve the results and revealed no observable trends. 

 

 

Figure 70. Average total distance the COP traveled during the rock pickup task. 

Shoveling task 

The shoveling task protocol was similar to the rock pickup task except that the subject only 
performed one shovel per trial. Further, this was the last task tested for each condition, so subjects were 
able to familiarize themselves with the configurations before this task. 

The average percentage of time outside the BOS for each subject is seen in Figure 71. The results 
from this analysis revealed no observable trends except that three of the five subjects had some difficulty 
maintaining the COP inside the BOS for the CTSD CG configuration. The CTSD CG condition may have 
recorded more time outside the BOS because three subjects had a similar method of leaning or falling for-
ward when scooping up the lead bag. For example, video evidence demonstrated that Subject 3 for this 
condition used the momentum from stepping onto the force plates to fall forward, and that this subject 
anticipated the inertia of the system to help accomplish the task. Subject 4 recorded the most amount of 
time outside the BOS. This may be because the CTSD CG configuration was the last one tested for this 
subject, resulting in fatigue that may have made the task more difficult. 

Subject 3 had a high percentage time outside the BOS for the Perfect CG configuration compared 
to that of the other subjects. A possible reason for this may be due to the settings of the spider and gimbal 
of this configuration. The weighted arms of the rig were lower, and the right-hand corner of the horizontal 
bar of the CG rig was caught on the gimbal for all shoveling trials for this condition. Another contributing 
factor could be that this was the first configuration offloaded to lunar weight. 

Results from the 1-g condition were unexpected. Four out of five subjects recorded time, albeit 
minimal, outside the BOS. This may have been a result of the subjects keeping their feet in the center of 
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each force plate. The force plates were lined up horizontally to the task setup. Performing the task unsuited 
gave the subjects greater visibility of the force plates compared to being suited. Thus, the subjects could 
easily ensure that they were on the force plates and not near the edges. For terrestrial shoveling, the feet 
are usually staggered with the foot opposite of the shovel in front. As the setup forced the subjects to per-
form the task using a novel method, the subjects had more instability. This most likely would not be a 
method used on the moon. 

 

Figure 71. Average percentage of time the COP was outside of the BOS during the shoveling task. 

Figure 72 demonstrates how each configuration affected subjects differently. The average data 
does not correctly represent the results, ie, that some subjects were greatly affected by the different CG 
conditions compared to others. Thus, one must look at individual subjects. The subjects who had a difficult 
time with the percentage of time the COP was outside the BOS also were seen to have problems with the 
number of times the COP fell out of the BOS. Just as the percentage of time outside the BOS data demon-
strated, the number of times outside the BOS for the 1-g condition revealed that all subjects except one 
had on average one to two occurrences of the COP falling outside the BOS. The possible explanations 
coincide with those given previously for the percentage of time outside of the BOS. 

There were no observable trends for the average area of the BOS, as seen in Figure 73. By just adding 
the CG rig, the areas were approximately 1.5 times greater than 1-g. Individual subjects either maintained 
a similar size BOS or adjusted it, depending on the configuration. For Subject 5, the configuration with the 
largest amount of time outside the BOS was CTSD CG. For that subject, the area of support for CTSD 
CG was smaller compared to Backpack and POGO CGs, which had no falling out of the BOS. Other sub-
jects (eg, Subjects 2 and 4) kept the area consistent over all configurations, although the COP fell out of 
the BOS. These findings demonstrate that subjects employed different strategies. Some subjects chose a 
consistent stance across all conditions, while another subject seemed to adjust his stance according to the 
condition tested. 
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Figure 72. Number of times the COP crossed to the outside of the BOS for the shoveling task. 

 

Figure 73. Average area normalized to 1-g for the shoveling task. 
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The total distance traveled by the COP shows that the COP traveled slightly more for the CTSD CG 
than the other CGs (Figure 74). Subject 4 had the least-traveled COP but also had one of the smaller areas 
of support and spent a larger amount of time outside the BOS. Subject 3, in the Perfect CG configuration, 
had the largest amount of total travel of the COP, but also, as seen in Figure 72, the smallest area of 
support. Variability among subjects once again suggests there could be interactions between the test 
environment and the subjects’ strength capabilities. All configurations at lunar offload had, on average, 
approximately three times greater COP travel than 1-g. 

 

 

Figure 74. Average total distance COP traveled during the shoveling task. 

4.4.1.3 Subjective Results and Discussion 
Rating of perceived exertion 

RPE results for the exploration tasks are shown in Figure 75. Comparing the 1-g, no-rig condition to 
the 1-g with rig offloaded indicated that the addition of the rig increased mean RPE by 2.2, 2.0, and 1.5 
units for the kneel/recover, rock pickup, and shoveling tasks, respectively. This further indicated that not-
ably more effort was required because of the increased inertia of the CG rig. For the varied CG conditions, 
the CTSD condition had the greatest mean RPE and the greatest variability. There were no notable 
differences among the Perfect, Backpack, and POGO CG conditions. 

Gravity compensation and performance scale 

GCPS results for the exploration tasks are shown in Figure 76. Comparing the 1-g, no-rig condition to 
the 1-g with rig offloaded indicated that the addition of the rig increased mean GCPS by 1.2, 2.0, and 1.5 
units for the kneel/recover, rock pickup, and shoveling tasks, respectively. These changes further indi-
cated that inertial components of the CG rig significantly affected results. For the varied CG conditions, 
the CTSD condition had the greatest mean GCPS, but the POGO condition had the greatest variability. 
Although significantly less than the CTSD condition, the POGO CG condition had the second greatest 
mean GCPS for all tasks. There were no notable differences between the Perfect and Backpack CG 
conditions. 
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Figure 75. RPE for short-term exploration tasks at different gravity/CG conditions. 

 

Figure 76. GCPS for short-term exploration tasks at different gravity/CG conditions. 

4.5 Postural Stability Results and Discussion 
4.5.1 Subject weight 

The effects of the POGO system and varied CG configuration on subject weight are illustrated in 
Figure 77. Subject weights ranged from approximately 142 to 185 lb before donning the POGO gimbal 
support structure (Figure 77, 1-g). TGAW was largely unchanged by donning the gimbal support 
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structure configured to the Perfect CG and adjusting the POGO offload to maintain equivalent TGAW to 
what was seen during the 1-g, no-rig trials. Decreasing the subject-gimbal combination to lunar weight 
using the POGO system reduced the weight of all subjects to approximately 60 to 70 lb; reconfiguring the 
CG locations did not affect the weight in any substantive way. 

 

 

Figure 77. Subject weights measured during SOT 1 trials for each CG/offload configuration. 

4.5.2 Quiet stance performance 

The effects of each CG/offload configuration on postural stability control during the quiet stance 
tests were initially assessed using the standard clinical measure, EQ score (Figure 78). The shaded regions 
represent the normal 1-g-performance range (5th to 95th percentile) for a large group of test subjects 
studied under that condition. Scores below the 5th percentile are considered abnormal. 

For SOT 1, the standard clinical eyes-open Romberg test, it is clear that all the 1/6-g conditions 
disrupted postural stability when compared to the Baseline condition and to the normative population 
performance (Figure 78, top). The CTSD CG configuration had the greatest negative effect, with two of 
six subjects losing balance during the first 20 s of the 100-s trial, and one of six subjects feeling too un-
stable to attempt the trial. The POGO system alone appeared to have a stabilizing influence, as evidenced 
by the small apparent performance improvement observed in transitioning from the 1-g, no-rig condition 
to the 1-g (Perfect) condition in which the weight of the gimbal and CG rig were offloaded. Whether this 
putative improvement was caused by a posture-stabilizing mechanical or the haptic benefit of the POGO 
support system or by increased task vigilance caused by the stability-threatening load of the POGO gimbal 
system could not be discerned from the data. However, as neither of these factors should have been 
changed between the 1-g and 1/6-g offloads at the Perfect CG, it seems likely the performance decrement 
associated with this transition was caused by factors related to the offload transition, which could include 
an unappreciated decrease in the gain requirement for the control-system generating motor responses to 
counter postural balance errors detected by the visual, vestibular, and somatosensory systems or a 
reduction in the sensitivity of the somatosensory detectors. 

EQ scores during the SOT 4 trials were generally lower than those during the SOT 1 trials, demon-
strating the influence of distorting somatosensory inputs on postural stability control (Figure 78, bottom) 
As with SOT 1, CTSD had a substantial negative effect on postural stability, with only two of six subjects 
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a 20-s period. We, therefore, computed TTC, which combines both position and velocity information, 
over the entire 100-s SOT trials. Two stability performance indices were derived from the TTC time 
series: the minimum TTC (TTCmin), which is analogous to EQ score in that it estimates the worst-case 
performance, and the integrated TTC (iTTC), which provides a broader estimate of performance over the 
whole trial. The effects of each CG/offload configuration on TTCmin and iTTC are shown in Figure 79 and 
Figure 80, respectively.  

For SOT 1, transitioning from 1-g to 1-g (Perfect) did not change TTCmin or iTTC, but caused in-
creased variability in each (Figure 79 and Figure 80, top). As with the EQ score, transitioning from 1-g to 
1/6-g reduced postural stability for both TTC indices: TTCmin was decreased (Figure 79, top) and iTTC 
was increased (Figure 80, top). At lunar gravity loading levels, Perfect, Backpack, and POGO CG 
conditions resulted in similar performances, but CTSD caused substantially worse performance as 
assessed by both TTC indices. 

For SOT 4, transitioning from 1-g to 1-g (Perfect) caused little change to TTCmin, except in one 
subject who exhibited much more stable performance (Figure 79, bottom). However, as with the EQ 
score, iTTC appeared to be improved by the POGO system (Figure 80, bottom). As with the EQ Score, 
at 1/6-g, Perfect, Backpack, and POGO had similar effects on postural stability performance, but CTSD 
caused substantially reduced performance as assessed by both TTC indices. 
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Figure 83. RPE for postural stability tasks at different CG/offload profiles. 

 

Figure 84. GCPS postural stability tasks at different CG/offload profiles. 
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5 Discussion and General Conclusions 
5.1 Level and Graded Ambulation 

For purposes of general conclusions, level and graded ambulation will be discussed together. 

5.2.1 Metabolic rate 

The primary trend to note with metabolic rate is that the metabolic rate was significantly higher with 
the CTSD CG condition for all ambulation cases. This could be attributable to two reasons. The first op-
tion, that the system CG location in relation to the subject’s CG was placed in such a way that performance 
was compromised, is unlikely. The second option, that the system CG location in relation to the gimbal 
axes of rotation was placed in such a way that performance was comprised, is the likely cause. Post-test 
analysis, involving recalculation of the system CG alignment in relation to the gimbal axes of rotation, 
clearly shows how the CTSD CG was aligned in a manner that would negatively affect performance 
(Figure 85). 

Investigators did not expect the lack of difference among the other CG conditions. Preliminary results 
from NEEMO/NBL studies indicated that a high/aft CG would negatively affect ambulation performance 
(3). While this was artificially the case with the CTSD CG, the POGO CG, which  was even more high and 
aft, had very similar metabolic results to the Perfect and Backpack CGs. Testing varied CG conditions 
using overhead suspension systems, such as the POGO, increases the complexity because there are two 
areas of support: the feet and the vertical lift column. As there are two places in which subjects can stab-
ilize themselves, an artificial stabilization may be induced that would not be seen in non-overhead 
suspension environments (ie, 1-g, underwater, or parabolic flight). 

Comparing the varied CG data to the 1-g baseline shows a clear linear trend for the varied CGs at 
1/6-g, whereas a second-order polynomial relationship was a better fit for the 1-g data. The second-order 
relationship is needed at 1-g due to the variation in energetics between a walk and a run. The linear rela-
tionship for the varied CG conditions indicates that there was no change in the energetics required to 
ambulate at speeds ranging from 0.4 to 2.5 m•s-1. 

5.2.2 Kinetics 

A notable increase was seen in normalized mean peak GRF values for 1-g trials with an increase 
in ambulation speed, especially at 2.1 and 2.5 m•s-1 (ie, running trials). Conversely, normalized peak 
vertical GRF for all CG rig conditions tended to plateau after subjects reached a 1.7-m•s-1 ambulation 
speed. For the incline trials, greater peak vertical GRF may have been present in the 10% decline as a 
result of the body having farther to fall with each step, attempting to control this descent, and maintaining 
stability while walking downhill. For this study, no definitive conclusions can be drawn regarding the 
effect of the individual CG rig settings on GRF during ambulation at varying speeds. 

The variability of normalized mean peak GRF data across subjects for CG rig conditions was notably 
greater than for the 1-g condition for all ambulation speeds and inclines. CG rig data differ greatly from 
1-g running and walking data (13). Whereas a 1-g GRF does not plateau until sprint speeds, the CG rig 
GRF plateaus at a moderate walk. This may be because ambulating at these varying speeds and grades 
while offloaded with a large attached mass altered the gait patterns adopted by subjects. There was a 
decrease in GRF with an increase in incline. This is in large part because the force platform in the tread-
mill only records forces normal to the treadmill surface. As the incline is increased, a larger part of the 
GRF will be incorporated into the anterior/posterior shear force, which is not registered by the platform. 

A major issue at work in this testing environment is the fact that the weight of the CG rig system 
and the subject are offloaded to lunar gravity, but the mass and inertia of the subject and CG rig remain 
unchanged. This plays into effect when looking at CG excursion in the test environment and how the sub-
ject is compensating for the large inertial load. Recent studies have found that reducing CG excursion in 
normal 1-g walking does not decrease energetic cost, but actually increases it (16) (17). However, with an 
increased mass, the subject is forced to either expend more energy to get the same performance or reduce 
performance to save energy requirements. Kinetic energy in this case is derived from inertia, mass, linear 
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Figure 86 shows the resultant simulation data from the simplified system. From the simulation data 
we can see that, because the two masses are non-rigidly attached to each other, they do act independently 
to some extent. 

 

 

Figure 86.Simulation data of the previously mentioned mass-spring system. The blue line is the displacement of a sine 
wave that is driving the m1 element (subject); the red line is the resulting displacement in the m2 element (CG rig). 

In a system such as this, complex interactions make it difficult to predict the state of the second mass. 
In the actual CG rig system, it is equally difficult to predict interactions between the subject and the CG 
rig, making accurate calculations of system outputs impossible without a detailed model. The second issue 
with such systems is that the second mass element (m2) has more energy than the driving mass element 
(m1). This is similarly seen in the actual system (Figure 20), and it may also be a factor in the reduced CG 
excursion observed as subjects attempt to reduce the amount of energy in the CG rig and diminish im-
pacts with it as speed increases. 

IST-3 data showed similar trends of CG excursion reduction with the CG rig conditions as com-
pared to the unsuited 1-g condition. The reductions at the faster speeds were most likely due to the subject 
compensating for the very large inertia of the CG rig and attempting to reduce energy expended during 
ambulation. IST-3 test results for lower-extremity joint rotations, which increased with speed and allowed 
the body to increase speed while keeping the CG excursion minimized, were also similar to the reported 
studies (22). However, at slower speeds, an increase in CG excursion was seen, most likely as a result of 
an ability to build up a large momentum with the increased mass of the mechanical system at a reduced 
cost because of the constant weight offload. Once this mass is put in motion, the subject can then take 
advantage of the large inertia of the POGO system and effectively reduce energy expenditure as the 
combined system’s CG completes its trajectory. 

The first major limitation to this study is the amount of compensation required by subjects due to the 
inertial characteristics of the gimbal and CG rig, which were much larger than an actual suit and PLSS. 
Therefore, the data can only be looked at as a trend. 

A second major limitation is shown in the CG excursion traces as a difference between the CG rig 
and the human body. These traces show both a greater level of kinetic energy in the mechanical system 
than in the subject’s body and a phase difference. This out-of-phase behavior demonstrates that the POGO 
system with the CG rig is not able to follow human motion closely enough, resulting in small collisions of 
the two masses. These collisions will be consciously minimized by the subject in an attempt to reduce the 
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energy input from the body into the mechanical system. This minimization is accomplished by compen-
sation in the gait mechanics. 

A third limitation could be that of the slow system oscillations represented by the slower waveform of 
the average CG over the trial period (Figure 21). This vertical translation also will influence gait biomechanics 
by increasing or decreasing joint rotations to stretch or contract the total leg length to accommodate the 
change in distance from the pelvis to the floor as the average distance of the subject CG to the floor changes. 
This hypothesis is unproven, however, and could be influenced by small, dynamic changes in treadmill 
pitch. Unfortunately, no reference data were taken for the treadmill during the trials. 

5.2.3 Temporal-spatial characteristics 

A consistent decrease in mean stance time was observed with increased ambulation speed for all 
tested conditions. Additionally, the variability (ie, standard deviation from mean values) across tested 
conditions notably decreased with increased ambulation speed. With the exception of the “POGO CG” 
condition at 10% decline ambulation, mean stance times for all CG rig conditions were less than those for 
the 1-g, no-rig condition across the tested surface grades. 

A modest decrease in mean-step width was observed with increased ambulation speed across all 
tested conditions. Mean-step width for the 1-g condition was consistently lower than mean-step width for 
the varying CG rig conditions at varying ambulation speeds, suggesting greater stability during ambulation 
under 1-g conditions. Increases in step width in the CG conditions in comparison to the 1-g condition may 
be due in part to the effects of the donned harness associated with the CG rig used in the current study. 
This harness used support straps around the upper thighs that may have altered subjects’ preferred gait 
patterns by forcing their legs into a wider stance. Minimal differences in mean-step width across varying 
surface grades were observed for the 1-g, no-rig condition. All mean values for this condition corresponded 
to a step width of approximately 0.1 to 0.15 m. Mean-step width values for all varying CG conditions were 
larger than values for the 1-g condition (Figure 23 and Figure 47). The greatest increases occurred at the  
-10% decline ambulation condition. This may be the product of several factors, including the aforemen-
tioned effects of the harness on subjects’ adopted gait and the difficulty inherent in ambulating down a  
-10% grade while offloaded to lunar gravity in a CG rig that involved considerable effort by the subject 
to maintain a stable gait pattern. 

5.2.4 Kinematics 

Differences seen in gait mechanics when walking over ground compared to walking on a treadmill 
(23) are small and generally constant (although changes are different for males and females), allowing for 
substitution of one test environment for another when studying gait mechanics. 

5.2.4.1 Speed vs. Center-of-gravity Condition and Offloading Mechanics 

The gait kinematics of the subjects studied are considered to be normal (ie, without significant path-
ology). Kinematics of the lower body of the IST-3 subjects at the 1.3-m•s-1 speed were closely aligned to 
published normative data taken at an average of 1.3 m•s-1 (2.9 mph) (14) (24). Changing the gait speed 
affects the gait kinematics by requiring greater power output from the body as speed increases. 

Little change was observed among CG conditions across the varied speeds for the lower body kine-
matics. One study showed there was a reduction of joint rotation for subjects while wearing a backpack 
from the no-pack condition across walking speeds (25). However, this study also showed an increase of 
joint rotation across both rig and no-rig conditions with this increase in speed. The lack of difference 
among CG rig conditions would indicate there was no change to compensation strategy. 

Lower-body gait kinematics are expected to change in simulated, reduced-gravity environments 
as body weight support is increased. These changes stem from the reduced dependence on loading to 
produce forward and vertical motion. Previous studies showed the kinematic changes in the lower-body 
joints as body-weight support was increased from 10% to 70% (26) (27). Changes observed in the IST-3 
test between the unsuited 1-g and the CG rig conditions followed similar trends to those reported, but the 
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changes in the IST-3 were much greater than the changes in these two studies in both angle magnitude and 
time of occurrence (26) (27). At the 1.3-m•s-1 speed, there was a shortening of the time to end contact in 
the gait cycle, a shortening of the hip and knee angles, but an increase in ankle angles. These changes no 
longer allow the body to produce large propulsive forces in the forward direction because of the small 
horizontal component of the vector from the ground-contact point to the COM (Figure 34 and Figure 35). 
This would indicate a reduced dependence on forward propulsion but a continued dependence on vertical 
propulsion. CG conditions at all speeds were similar to the 1-g no-rig running-speed ankle kinematics. 
This similarity illustrates the mechanics being used in the POGO. While running, the body contracts the 
anterior and posterior shank muscles to increase the stiffness of the ankle, thus allowing for more efficient 
energy storage and transfer. The fact that while on the POGO the same strategy is implemented for the 
CG rig conditions means the subject was no longer constrained by normal walking biomechanics and 
could use the more efficient energy storage and transfer system of a stiffened ankle joint. 

Given this information, we are left with a conundrum: Have the subjects taken advantage of the 
treadmill velocity (ie, a moving reference frame), or are they still producing actual propulsion forces in 
a reduced amount commensurate with the decrease in gravity? Would a person restrict his/her power out-
put on the moon and conserve all possible energy or use the available power to advantage and increase his/ 
her traveling speed? How do we test the change? Currently, we cannot measure shear forces and verify 
our proposition. However, logic suggests that if the subjects took advantage of the true lunar environment, 
they would still produce their normal propulsive forces, as they still have the full amount of muscular power 
generation possible. They could do two things: (a) increase both vertical and horizontal-force generation 
proportionally, as they would in a 1-g environment, or (b) increase the horizontal-force generation but not 
the vertical, as they no longer need the large vertical reaction force in a reduced-gravity environment to 
elicit the same horizontal movement outcomes. 

Unfortunately, the subjects’ data did not fit to our logical estimations of change in gait for the 
changing environment, nor did they continue to follow normal 1-g gait mechanics. C. R. Taylor found 
that when humans adopt a jumping mode of ambulation, their jump frequency does not change from 
jumping in place to increased velocities on a treadmill (28). This paper also showed little change in peak 
GRF values among speeds; however, the loading duty cycle decreased with speed. Given these facts, it is 
apparent that the IST-3 subjects were able to take advantage of the treadmill belt velocity by continuing to 
jump vertically with little extra effort to travel horizontally (Appendix C). In an over-ground situation, the 
subject would have to increase both horizontal and vertical forces to increase his/her speed and/or linear 
distance traveled. One of the major factors that allows subjects to possibly take advantage of the relative 
treadmill belt velocity is the inertia of the overhead POGO cylinder. This cylinder stabilizes subjects, 
allowing them to jump vertically without having the necessary forward propulsive force that would 
normally be required to remain on the treadmill at a given velocity. 

Torso tilt of normal gait follows a pattern of flexion and extension as muscles of the legs and torso 
pull and push the hip when the body initially contacts the floor before it progresses into mid-stance (24). 
As speed increases for the 1-g no-rig condition, the magnitude and timing of the tilting ROM increases 
accordingly as more energy is put into the system and the gait patterns change (29) (30). Tilting in the CG 
conditions for this study was very minor in comparison, and was out of phase by close to 90°. For the CG 
conditions, the torso remained in a permanently forward-tilted state. The CTSD condition was the excep-
tion in which, at faster speeds, the tilt offset was reduced to a near-neutral point. The POGO and gimbal 
system causes the subject’s torso to take on a static-tilt angle as the lifting forces and CG align. The system 
may also impede the subject from dynamically tilting at the hip joint by increasing the difficulty in per-
forming that motion. One theory is most of the reduction in tilt will be due to the gimbal’s sagittal pivot 
point being out of alignment with any of the body’s joints, thereby increasing the force needed to tilt the 
torso dramatically. Another theory links most of the reduction in tilt to the overhead mass of the POGO 
pneumatic cylinder. To bend forward, the subject must pull the POGO pneumatic cylinder forward and 
down, thus increasing the force needed to tilt the torso. The constant tilt offset is created by the subject 
and the CG rig and gimbal pitching forward to reduce any internal moments and acquire a static equili-
brium position. Both of these events restrict the body from using its normal strategies and dynamics when 
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ambulating (Figure 34 and Figure 57). The exception to this was the CTSD CG, which seemed to compel an 
upright posture during all test conditions, most likely because the system CG was located high and aft of 
the gimbal axes of rotation. 

5.2.4.2 Incline vs. Center-of-gravity Condition 

Walking on an incline or a decline changes the basic mechanics of ambulation as your joints are 
required to bend more to raise your foot for the next step on an incline or less when letting it fall farther in 
a decline. The unsuited 1-g conditions follow closely those of reported normative data for walkway and 
stair ascent and descent (Figure 49 through Figure 55) (21) (31). 

At the -10% grade, the ankle flexion ROM data for the CG conditions were closely aligned to the 1-g 
no-rig condition. Beyond this specific incline and joint, large differences were seen in magnitude between 
the CG conditions and the 1-g no-rig condition. Again, the CTSD condition showed a high level of 
change over the range of inclines whereas the other CG conditions remained relatively static. All CG 
conditions showed the same general trends in changes of ROM with change in incline, except for the 
torso-tilt angle, which did not show any agreement in trends as the incline was changed. 

However, the actual angle traces show stark differences between the 1-g no-rig condition and the CG 
conditions. The ankle angle traces had the worst comparison, showing little in common in both shape and 
timing. This was primarily due to the subjects never reaching full foot contact with the floor in the CG 
conditions and remaining on their toes the entire time. The hip and knee angle traces showed better simil-
arity between CG conditions and the 1-g no-rig condition, but still held prominent differences. Given 
these facts, it is safe to say there is little in common between the CG conditions and the 1-g no-rig con-
dition as far as gait mechanics adaptation is concerned. Minimal changes were seen among any of the CG 
conditions, the exception being the CTSD. Across the CG conditions adaptation in the ankle and hip mainly 
occurred as an increase in ROM. For the knee, the CG showed greater change in shape and timing over 
the inclines and from each other. 

As incline changes, there is a shift in GRF with respect to the location of the hip joint (32). With 
increases in incline for normal gait, the foot is placed farther out in front of the body at initial contact, 
increasing the hip moment; just the opposite occurs for declines. The torso is also tilted forward in an at-
tempt to shift the CG forward, thereby reducing the net hip moments; the opposite is true for declines. The 
increases in lower-body angles for the CG conditions are simply a result of the subjects making changes 
to accommodate the need for a greater height requirement for gait at an incline, not as a result of compen-
sation to produce more efficient gait. These facts would imply there was little adaptation occurring for the 
CG conditions as other adaptive methods were unavailable to the subjects as a result of CG rig, gimbal, 
and POGO restrictions. 

5.2.5 Electromyography 

For comfortable to fast walking speeds, the erector spinae is active during the swing phase, right 
before initial contact (33), and for level ambulation; the 1-g no-rig trials for the representative subject 
followed this trend. On the other hand, all CG rig trials above 1.7 m•s-1 only showed muscle activity during 
the swing phase. This may have been because the subject had a reduced GRF as compared to the 1-g no-
rig condition or as a result of the altered gait patterns (lack of heel contact) and; therefore, had a 
reduced need for spinal stability. As speed increased, the duration of activation decreased, possibly 
because of an increase in cadence and a decrease in swing motion. 

The decline and highest incline for the CG rig configurations had a high percentage of high-intensity 
contraction during the active segments. Low-level activation was substantially reduced at these inclines. 
The erector spinae may have been contracting at a high intensity and long duration to maintain balance. 
Some differences were seen among different CG rig conditions, but none was uniformly consistent across 
conditions. 

Analysis of the erector spinae data proved useful in the understanding of treadmill data. This muscle 
has a primary role as a core stabilizer during ambulation. Upon changing the CG, it was hypothesized that 
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the erector spinae response would adapt accordingly by increasing activity, but such a change was not 
seen for the analyzed subject. The addition of the CG rig before offloading the subject largely influenced 
activation of the erector spinae. 

5.2.6 Subjective ratings 

Subjective rating trends followed the metabolic data trends with respect to the varied CG conditions. 
RPE was clearly rated differently in and out of the CG rig, which is consistent with other data showing 
different RPE ratings in and out of the MK III suit. This finding indicates that while RPE alone may be 
highly correlated with metabolic rate, it may only be specific to certain test conditions, and any model ex-
pecting to use RPE to predict metabolic rate should be limited to certain conditions or employ an addi-
tional factor describing different conditions for which the data were collected. 

The 1-g data were not included when modeling VO2 based on subjective ratings, thus leaving only 
the varied CG conditions. VO2 was predicted from the subjects’ RPE and GCPS. Mixed-effect regression 
analysis was used to model VO2 from RPE and GCPS scores, including subject-level grouping to accom-
modate for the dependence in the data (ie, repeated observations within subjects) and a random intercept 
term to allow subjects to vary randomly on the y-intercept of the model. The model residuals appeared 
normally distributed with constant variance over the range of the outcome, suggesting that the trans-
formed data are appropriately analyzed with these techniques. 

The model revealed that both RPE and GCPS predictors made significant variance contributions 
to VO2 in this multivariate context (P < .05), with the highest relative contribution observed for the RPE 
predictor. RPE scores were positively correlated with VO2 and GCPS scores were negatively associated 
with VO2 in this model. Model-predicted and -observed VO2 values are shown in Figure 87. The variation 
in VO2 seen per unit of RPE was notably improved by the model. 

 

 
Figure 87. Model-predicted VO2 (red) and -observed VO2 (blue) with respect to RPE. 

While these effects are statistically significant to traditionally held scientific standards, the reader 
is reminded that they are based on a very small sample of n = 6 astronauts. We remain cautious about 
making inferences to the larger astronaut population or outside of level-ground ambulation until these 
results can be replicated in future work. 

Another interesting finding from the ambulation data was that subjective RPE and GCPS ratings 
tended to either stay the same or increase slightly by one unit on the rating scale from a measurement 
taken at the 30-s mark to the measurement taken at the 150-s mark of a 180-s trial. For RPE during 
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ambulation trials, 68% of the ratings stayed the same and 26% increased by one. For GCPS during am-
bulation trials, 82% of the ratings stayed the same and 12% increased by one. As would be expected, 
GCPS ratings were less affected by trial duration. While this may be a good indication of what generally 
happens with these ratings, these findings are only applicable to ambulation data. More research will be 
needed to determine whether RPE can be applied to different types of tasks, higher-intensity tasks, and 
tasks of less than 30-s duration. 

5.3 Exploration Tasks 

Three different types of exploration tasks were performed: a rock pickup, shoveling, and kneel-and-
recover. It is important to note that as all of these tasks were performed in a fashion intended to be similar 
to previous and concurrent studies, they differ somewhat from how they would be performed during an 
actual EVA. Bags filled with lead shot, which were used as “rocks,” were picked up and shoveled off of a 
significantly elevated surface rather than the ground. The kneel-and-recover task did require the subject to 
bring his knee down to the ground, but it is unlikely this task would be performed alone but, rather, would 
be a portion of a task involving picking something up off the ground or using a tool close to the ground. 
Future tests should attempt to perform EVA tasks in the most realistic way possible first and then modify 
this with an alternate performance method only if it was not possible to complete the task. With this 
method, data on both realistic EVA tasks and modified EVA tasks will be available from which to draw 
conclusions and develop forward work and recommendations. 

5.3.1 Strategy 

The varying movement strategies adopted by subjects to complete exploration tasks did not allow for 
customary biomechanical analyses to be performed. Therefore, a qualitative analysis of adopted strategy 
was employed to characterize the performance of these tasks. This approach was incorporated to provide 
meaningful interpretation of exploration task data, given the difficulty inherent in generalizing kinematic 
analyses of variable adopted movement strategies to a population. This analysis was also used to provide 
an initial, observation-based assessment of CG rig and gimbal components, and to determine whether 
these components had any confounding effects on task performance. 

For the rock pickup task, all subjects used their right hand to pick up the rock when performing the 
task under 1-g, no-rig conditions. However, not all trials performed under offloaded conditions involved 
the use of the right hand, suggesting the movement pattern selected under these conditions was affected 
by restrictions placed on the subjects by parts of the offloading system components. This finding was further 
confirmed by observation of movement coordination between the upper and lower body to perform the rock 
pickup task. Under offloaded conditions, when picking up the rock with the left hand, subjects never bent 
down to their left. Similarly, when picking up the rock with the right hand, subjects never bent down to 
their right. One possible explanation for this finding pertains to the need for subjects to maintain balance 
to complete the task. Based on the 1-g baseline findings for this task, we could assume that the CG rig 
used in the offloaded conditions introduced extra, artificial inertial factors that may have affected 
subjects’ balance and; therefore, their movement strategy. 

All rock pickup trials in the current test performed under 1-g, no-rig conditions corresponded to stable 
foot placement by subjects. However, half of the trials performed in the CTSD CG condition and nearly 
60% of the trials performed in the 1-g (Perfect) condition led to unstable foot placement by subjects. 
Again, this may be attributed to balance being affected by the CG rig and gimbal structures offloading 
the subjects. 

During the kneel-and-recover task, subjects either stood up from the kneeling position or jumped up. 
Kneel-and-recover, under 1-g conditions, typically does not involve rapid, explosive jumping up to the 
standing position mainly due to the considerable amount of muscular effort that would be required to 
perform such a maneuver. It is possible that on the lunar surface, astronauts may be able to more easily 
jump up than stand up from a kneeling position. However, the to-be-determined ROM requirements of a 
planetary suit, as well as the demands and objectives of the specific lunar sortie task, will play large roles 
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in the crewmembers’ adopted strategy and overall task performance. While all 1-g, no-rig trials involved 
standing up from the kneeling position, approximately 25% of trials performed with the “Backpack” and 
“CTSD” conditions and over 30% of the trials performed with the POGO CG involved subjects jumping 
up from the kneeling position. This may be the result of assistance provided by the offloading system (ie, 
for these CGs, subjects often felt pulled backward), thus potentially making it easier for subjects to take 
advantage of the system and jump up. If the CG configuration were to have kept a subject’s COM for-
ward enough, it may have been easier for the subject to stand up. 

Performance of the shoveling task resulted in varying interactions between the upper and lower 
extremity segments across subjects, and whole-body coordination was required to complete the task. The 
observation of foot placement on the force platforms throughout each trial helped to provide a qualitative 
assessment of stability during task performance. Stable foot placement on the force plates was observed 
for all 1-g, no-rig trials and approximately 85% of the “Perfect-rig offloaded.” This may be because while 
the CG rig was offloaded, subjects tended to keep a 1-g footprint on the ground. 

Over 50% of trials for both the CTSD and the POGO conditions had observed unstable foot 
placement by subjects. Several movement strategies were employed by subjects to complete the shoveling 
task; these varying strategies may also have been the reason for observations of unstable foot placement 
in certain trials. For instance, subjects varied the position and orientation of their hands on the shovel 
handle, effectively altering their approach to the task. This may have been a result of the difficulty experi-
enced when trying to shovel bean bags from an elevated platform, the long length of the shovel handle, 
and/or the subjects attempting to keep the end of the shovel handle from interacting with the CG rig when 
performing the task. This often led to subjects pushing the bag off the elevated platform rather than actu-
ally scooping the rock and moving it. These factors may have also led to subjects altering their movement 
strategy, including movement of the shovel platform, and interaction (ie, contact) of the CG rig and the 
gimbal structure. 

5.3.2 Stability 

Although the CTSD CG resulted in the most time spent outside of the BOS, on average it had a 
smaller area of support. This smaller area of support may have been why the time outside the BOS was 
high for this condition. However, as discussed in previous sections of this report, this result may not be 
solely due to CG placement. Subject strength and method play an important role in the ability to control 
the COP. As seen with Subject 1, who had the fewest occurrences of COP outside the BOS, the distance 
the COP traveled was comparable to that of the other subjects, but the area of support was much larger. 
Further, Subject 4 recorded the greatest amount of time the COP was outside the BOS for configuration 
CTSD CG, but had the least amount of total COP travel. Thus, individual differences contribute a great 
amount to the results for stability and should be considered in future tests. 

Several factors may have worked to confound the stability analysis results. As mentioned previously, 
many subjects did not adhere to the rock pickup protocol. One subject dropped down to pick the rock up but 
just dropped it while standing instead of bending to set it down. Some subjects chose to step onto the force 
plates while also reaching forward for the rock, thus confounding the data. Stricter subject adherence to 
the testing protocol will only improve the quality of the results. 

When subjects were in the gimbal and suspended by the POGO, only one subject tried to continue 
bending at the waist. Other subjects used a lunge technique, did not move the upper torso at all, or used 
the POGO uplift to gain assistance with dropping or leaning in to get the rock. Constructing or using test 
hardware that will allow subjects all the degrees of freedom afforded to them with no hardware attached 
may improve the results and inferences for this analysis. 

On average, the shoveling task had much less percentage of time outside the BOS as compared to the 
rock pickup. This is contrary to what would be expected. Shoveling requires more complex movements of 
coordinating upper and lower body. Each subject experienced difficulty with different configurations. There 
was no clear trend across configurations. Only Subject 3 performed each configuration consistently, but the 
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rotation of the gimbal falling forward and the rig getting caught on the gimbal for only the Perfect CG 
configuration confounded the results. 

No CG configuration clearly appeared to have greater stability than the other configurations. For both 
the rock pickup and the shoveling tasks, too much variability was noted among the subjects and across the 
conditions to make any viable comparisons. Further, there were no observable trends for either task in any 
of the tested CG conditions. It is believed this lack of finding is mostly due to the confounding interactions 
among the POGO, gimbal, CG rig, and subjects previously mentioned. Subject strength, or lack thereof, 
may also have played a role in the variability of the results. 

5.3.3 Subjective ratings 

Subjective results further supported the negative impacts of the CTSD CG on human performance, 
but this finding was more likely due to system CG misalignment with the gimbal axes of rotation than to 
system CG variation from the subject CG. 

Beyond using the subjective ratings to compare different configurations, one surprising finding was 
the large amount of variation within the ratings at a given condition – most notably with the Backpack, 
CTSD, and POGO CGs. This highlights the great degree of variability present in the astronaut population. 
Future EVA systems tests should include a larger sample size and not assume a reasonably homogenous 
astronaut population. Further, subjects should be characterized with respect to anthropometry, strength, 
and fitness so these measures can be considered during posttest analyses and explanations of results. 

5.4 Postural Stability 

While we set out to answer the question of which CG configuration(s) might least influence postural 
stability control, it was also necessary, to interpret our results, to determine whether the POGO system 
and/or offload affected postural stability control during the experiments. We also needed to determine 
how the POGO system affected the subject BW from condition to condition. We found that the weight 
was fairly well controlled throughout the experiments (Figure 77), that both the POGO system and the 
offload level affected postural stability, and that at least one CG configuration was very disruptive to 
postural stability control. 

The test conditions employed were derived from the measurements routinely used in clinical 
assessment of balance disorders (34) as well as in assessment of postflight recovery of neurological 
function in astronauts (35) (36) (37) (38). SOT 1 was selected as the best-case postural stability control 
condition, with full sensory system availability and no challenging environmental conditions. SOT 4 
challenged the subjects’ posture control systems by distorting somatosensory inputs in ways similar to 
those a crewmember might experience while standing (or walking) in a thick layer of regolith on the lunar 
surface. The perturbation trials examined the subjects’ abilities to respond to sudden external challenges to 
postural stability in the forward (TD) or backward (TU) direction. Such perturbations could occur on the 
lunar surface by a sudden shift in the regolith or by being bumped by another crewmember. 

The postural stability performance measures employed included the EQ score (34), which is a 
standard clinical measure that allows comparison of performance results with a large extant database of 
normal test subject performance measured by JSC Neurosciences Laboratory personnel over the past 20 yr, 
and TTC, a more robust measure that has become more widely used in the past 5 to 10 yr (39). EQ score 
is somewhat limited in that it is based on peak postural sway displacements over a 20-s period. TTC im-
proves on this by adding information concerning sway velocity and extending analyses to the entire 100-s 
duration of the trial. We analyzed the TTC time series in terms comparable to the EQ score, to the worst-
case (minimum) value of TTC over the trial, and by integrating the total time during the trial the TTC was 
less than 10 s (an arbitrary cutoff value). EQ score and TTCmin point to how close the subject came to los-
ing balance during a trial (which could have been a singular event), while iTTC is a measure related to the 
total amount of time the subject was at risk of losing balance during the trial, and should be related to the 
amount of metabolic effort the subject had to put in to maintain upright stability during the trial. 
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We were unable to perform our planned statistical analysis because of the small number of subjects 
tested and relatively high variability of dependent measure data. Thus, we recommend that future studies 
strive to recruit more test subjects. Nevertheless, qualitative assessments of these data provide some val-
uable insights into the general effects of the CG configurations under evaluation and the independent 
effects of the POGO system and the offload profile. 

It appears from the EQ score data that postural stability during quiet stance improved when the sub-
ject donned the POGO gimbal system and the system was activated to offload the weight of the gimbal 
structure (Figure 78, 1-g vs. 1-g [Perfect]). This putative stability improvement was not observed for the 
two TTC indices because of increased variability (Figure 79 and Figure 80, 1-g vs. 1-g [Perfect]), sug-
gesting that the POGO system more greatly affected sway displacements than sway velocities. Possible 
reasons for this putative stability improvement include: (a) an increased test subject vigilance caused by the 
perceived threat of falling while wearing the heavy, unwieldy gimbal system; (b) a mechanical stabilizing 
effect of the POGO system support device; and/or (c) new orientation information provided by the POGO 
force vector, perhaps similar to the posture-stabilizing effect of light touch (40). For sudden postural per-
turbations, the POGO system appeared to improve the worst-case stability (TTCmin, Figure 81) but 
degraded the overall postural stability performance (iTTC; (Figure 82). 

It appears from the SOT 1 quiet stance data that increasing the offload from body weight to one-
sixth of body weight plus gimbal and CG rig weight degraded postural stability control (Figure 78 through 
Figure 80, top, 1-g [Perfect] vs. Perfect), possibly related to an unappreciated decrease in the gain requirement 
for the control-system generating motor responses to counter postural balance errors detected by the visual, 
vestibular, and somatosensory systems or, alternatively, to a reduction in the sensitivity of somatosensory 
detectors. However, as postural stability control was not affected in a similar way during the SOT 4 trials 
(Figure 78 to Figure 80, top, 1-g [Perfect] vs. Perfect), in which somatosensory cues were purposefully 
distorted by the CDP system, it seems more likely that the reduced loading affected the sensory information 
available from the somatosensory system. If this is true, this could have significant implications to pos-
tural stability during lunar (and other hypogravity) EVA activities. For this reason, we recommend that 
this finding be investigated further, and suggest that the best next step would be to use similar CDP para-
digms to examine the postural stability control of test subjects exposed to intermittent hypogravity at 
different g-levels (0.17-g, 0.33-g, 0.5-g, etc.) during parabolic flight campaigns. 

It appears that the CTSD configuration substantially degrades postural stability during quiet stance 
and in response to sudden unexpected postural perturbations. Some subjects, when wearing the CTSD 
configuration, lost balance or refused to attempt each test condition examined in this study. No other CG 
configuration stood out as having particularly positive or negative effects on postural stability control, 
although one subject refused to attempt the quiet stance tasks while in the POGO configuration, and at 
least one subject lost balance multiple times during TU rotations while in the Backpack configuration. 
Thus, the Perfect CG appears to have least affected the postural stability of the CG configurations tested. 

5.5 Study Limitations 

There were a number of limitations with this test. Given the biomechanical, physiological, and 
capability and strategy observations, analyses suggest that some subjects may have been using the in-
herent POGO system mechanics to reduce their physical workload while ambulating. Data also suggest 
that the system (POGO, gimbal, and CG rig) may have greatly altered the gait mechanics of the subjects 
and restricted their normal ROMs. The added inertia of the POGO pneumatic cylinder, gimbal, and CG 
rig were large enough to impede the subjects while they were performing tasks. As a result, there is a sig-
nificant need for an improved offload system, including improvements to the gimbal and CG rig, that 
would minimize altered inertial effects. 

The POGO system also was found to have its own dynamics that influenced subjects during 
ambulation. These influences were observed as a lack of rigid attachment of the CG rig to the subject 
while ambulating. The POGO system was shown to lag slightly behind the subject during ambulation 
trials, creating a dynamic out-of-phase condition between the subject and the rest of the system. These 
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two system characteristics created collisions between the subject and the CG rig, resulting in abnormal 
system CG variation during ambulation trials. Abnormalities of this type are assumed to have influenced 
the kinetic, kinematic, and physiologic data collected. 

Another limitation was that CG locations were modeled based on a standard subject (182.9 cm, 
81.6 kg), which meant that as the tested subjects differed from this standard subject, the actual location 
of the system CG was affected. System CG locations varied by subject, but did not vary enough such that 
any one categorical CG location crossed into another CG category (Figure 12). Although each system 
CG differed slightly from the model-calculated system CG, each was still within a 2-cm radius of the 
model-calculated system CG. 

Of the four tested CG locations, the CTSD configuration led to increased metabolic rate, decreased 
postural stability, and confounded some of the biomechanical markers. Posttest analyses indicated this 
CG configuration was not properly aligned with the gimbal axes of rotation, thereby placing subjects in a 
difficult position for which many could not properly compensate. Subjects felt as if they were being pulled 
down and backwards and this feeling was consistent with the analysis placing the CTSD system CG 
notably aft of the gimbal axes of rotation (Figure 13). 

Although many IST team members agree with the previous theory, that the CTSD CG condition 
led to poor performance because the system CG was misaligned with gimbal axes of rotation, there was 
a contrasting point of view expressed by the Anthropometry and Biomechanics Facility (ABF). Based on 
the ABF’s biomechanical analysis, minimal variation was seen among the different CG locations. The ABF 
asserts that this may be because the gimbal rotational axes were collocated with the system CG locations. 
The ABF’s hypothesis is that, as the system was offloaded by 83% of the total system 1-g weight, the 
gimbal axes became the major pivot point for the human torso, thus reducing the differences that would 
be felt by the subject. It is the ABF’s position that, due to this alignment, the full difference in inertia 
from the changing CG locations was not realized. 

A significant issue with attempting to collocate the gimbal axes of rotations with the subject’s major 
pivot point, ie, the hips, would be that the system CG would then be aft and above the gimbal axes of 
rotation, which could lead to many of the same problems seen with the CTSD CG. Without further testing 
using an improved offload system and gimbal that minimize added rotational and translational inertia, it 
will be impossible to determine the separate effects of gimbal/CG misalignment. 

5.6 Lessons Learned 

It is clear that studying varied CG locations by using overhead suspension has both limitations and 
unanswered questions. These include where to properly align the gimbal axes of rotation (subject hips or 
system CG), how to add enough mass to vary CG without overwhelming the moments of inertia and com-
promising normal human movement, and how to account for two potential sources of stability (ie, feet and 
overhead lift vector). To properly evaluate varied CG using overhead suspension, several improvements 
will need to be made. These include the following: 

 
1. Decreasing the overall mass and moment of inertia of the gimbal support structure and additional 

CG rig components 
2. Designing a gimbal that would provide adjustability needed to either collocate the gimbal axes of 

rotation with the subject’s hips or with the system CG 
3. Designing a CG rig that does not require long horizontal arms that impede the subject’s workspace 
4. Providing translational freedom in both the X and Y axes 
5. Reducing mass and moment of inertia in the overhead lift system 
6. Providing active control of the overhead lift column in both the X and Y translational axes 

 
Exploration tasks were not performed in as EVA-like a manner as possible. This was due to the long 

horizontal arms of the CG rig and a desire to use similar methodology on other tests (2). All future tests 
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should attempt to perform an assessment in the most EVA-similar manner possible and then only make a 
modification if necessary while providing the rationale for the modification. 

Initially, it was thought that changing among all four CG configurations would be too difficult 
within the same test session. Although this was somewhat more burdensome, it was possible and would 
have allowed all level-ambulation trials at each CG condition to be performed on 1 day and all incline-
ambulation trials at each CG condition to be performed on a different day, rather than mixing level and 
incline trials and limiting sessions to only two CG configurations on any test day. This would potentially 
lead to a better ability to subjectively compare and provide feedback among different CG conditions 
because the tasks would be the same on the same day for all four CG conditions. 

6 Summary 
6.1 Metabolic Rate 

The only CG that resulted in significant metabolic differences was the CTSD configuration. All 
other varied CG configurations unexpectedly showed almost identical metabolic values. The variation in 
the CTSD configuration was likely due to system configuration issues and not because it was a poor CG 
location. Overall, the lack of variability among the other three CG configurations indicates that either 
there was no notable difference in human performance among these CG configurations or there were 
factors that compromised the ability to effectively vary CG using an overhead suspension lunar-gravity 
simulator. Possible solutions to this question were discussed in the Section 5.6. 

6.2 Biomechanics 

No meaningful changes were seen among the differing CG conditions. Some differences were seen 
between one of the CG locations and the other three locations, but the data analysis led us to believe the 
difference was a result of the system dynamics, hardware setup, and testing methodology and not a direct 
result of the system CG location in relation to the subject’s CG. 

6.3 Subjective Ratings 

Results among CG conditions for ambulation were very similar to the metabolic results and led to 
similar conclusions. Findings of greater importance were the high degree of variability for subjective 
ratings among subjects for the exploration tasks and postural control tests. This highlights the need to test 
a greater number of subjects and to thoroughly characterize the subject pool so that aspects of anthropom-
etry, strength, and/or fitness can be analyzed to determine whether these underlying subject characteristics 
significantly affect a subject’s performance. 

In addition to the standard end-of-trial assessment of RPE and GCPS, subjects were also assessed at 
the 30-s mark shortly after each trial began. Results indicated that GCPS had less variability between the 
early and end-of-trial measurements, with 82% of trials showing no change. RPE experienced more varia-
bility, but still 68% of trials did not change from the initial to the end-of-trial rating. The vast majority of 
the RPE and GCPS results that did change increased by one unit (26% for RPE, 12% for GCPS). Although 
this is not conclusive, it does show promise for using both of these ratings in non-steady-state tasks, 
especially in environments that preclude metabolic measurement. 

RPE was rated differently in the 1-g, no-rig setting than in all other settings involving the CG rig. 
This is a similar finding to how suited and unsuited subjects rate RPE differently (5) (1). In a model using 
RPE and GCPS to predict metabolic rate, both were significant predictors with RPE driving the model 
and GCPS providing the fine-tuning that has been a consistent finding with other studies (5) (1). 
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6.4 Postural Control 

The POGO system provides a reasonable ground-based analog for testing postural stability during 
reduced-gravity loading; however, its mechanical couplings limit observations to a single plane of motion 
(in this case, sagittal), and its upward force vector may exercise a mechanical and/or physiologic (haptic) 
stabilizing influence on balance control that could reduce apparent instabilities, particularly in body sway 
displacement. 

Postural stability appeared to be degraded during the simulated reduced-gravity loading conditions 
tested in this experiment, and the performance patterns suggest that somatosensory information may be 
degraded in hypogravity environments. This finding has significant implications regarding the fall inci-
dence observed during Apollo surface operations and those fall incidences that should be anticipated during 
future exploration missions, regardless of suit design constraints. We recommend that follow-up experi-
ments be performed, probably during parabolic flight, to verify these findings without the potential 
mechanical confounds of the POGO system. 

Comparisons among the four CG configurations tested show that the CTSD CG created far greater 
disruptions to postural stability than any of the other CGs, likely due to the misalignment issues rather 
than implying that an EVA suit having this CG configuration would result in more falls and higher meta-
bolic effort than one having any of the other CG configurations tested. Differences among the other CG 
configurations were more difficult to discern; however, the Perfect configuration appeared to have the 
smallest effect on postural stability as assessed by this experiment. 

The small number of subjects tested and the relatively high variability of dependent measures limited 
our ability to perform statistical analyses. Thus, these conclusions are based on subjective interpretation 
of our results, and further study would be required to provide conclusions that may assist in finalizing an 
optimal CG design location. 
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Appendix A: Biomechanics Definitions and Reference Frames 
 

 

Figure A-1. Commonly used biomechanics nomenclature of the body planes, the types of joint motion, and the body-based 
directions. 

 

Figure A-2. Designations for the ankle joint directional rotations. 
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Figure A-3. Convention for local reference frames as prescribed by the International Society of Biomechanics and used by 
the ABF (4). The Y-axis usually lies along the long axis of the segment. 

 

Figure A-4. Flexion is termed as the decrease in the relative angle between two segments. Flexion/dorsiflexion of a joint 
will always be a positive rotation in this report. 
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Appendix B: Subjective Ratings Scales 

B.1 Gravity Compensation and Performance Scale 

1 Excellent – easier than 1-g 

2 Good – equivalent to 1-g 

3 Fair – minimal compensation for desired performance 

4 Minor – moderate compensation for desired performance 

5 Moderately objectionable – considerable compensation for adequate performance 

6 Very objectionable – extensive compensation for adequate performance 

7 Major deficiencies – considerable compensation for control, performance compromised 

8 Major deficiencies – intense compensation, performance compromised 

9 Major deficiencies – adequate performance not attainable with maximum tolerable compensation 

10 Major deficiencies – unable to perform task 

B.2 Borg Rating of Perceived Exertion Scale (RPE) 

6 No exertion at all 

7 Extremely light 

8  

9 Very light 

10  

11 Light 

12  

13 Somewhat hard 

14  

15 Hard (heavy) 

16  

17 Very hard 

18  

19 Extremely hard 

20 Maximal exertion 
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B.3 Corlett and Bishop Discomfort Scale 

 

B.4 Bedford Thermal Scale 

-3 Much Too Cool 

-2 Too Cool 

-1 Comfortably Cool 

0 Comfortable 

1 Comfortably Warm 

2 Too Warm 

3 Much Too Warm 

 

B.5 Thermal Preference 

-2 Much warmer 

-1 A Bit Warmer 

0 No Change 

1 A Bit Cooler 

2 Much Cooler 
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Appendix D: List of Variables for Common Equations and 
Relationships 

 

D.1 Linear Motion 

Position:   x 

Velocity:  v  

Acceleration:  a  

Mass:   m  

Force:   ma 

Work:   Fd 

Kinetic energy:  ½ mv2 

Power:   Fv 

 

D.2 Rotational Motion 

Angular position:   

Angular velocity:   

Angular acceleration:   

Moment of inertia:   

Moment/torque:   

Work:     

Kinetic energy:   ½ I2 

Power:     
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Per the NASA Constellation Interoperability Standards (CxP 70022-04) document, the units ex-
pressed in this report are in the standard SI units. The following conversions to English units are given: 

 

Mass:  1 kg = 2.204 lbm 

Force:  1 N = 0.225 lb 

Speed:  1 m/s = 2.237 mph 

Pressure:  1 kPa = 0.145 psi 
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Appendix E: Additional Electromyography Graphs 

E.1 Changing Speed Conditions 

 

Figure E-1. Muscle activation of the erector spinae at 0.4•m·s-1 for all CG configurations and with no rig at 1-g. 

 

Figure E-2. Muscle activation of the erector spinae at 0.8•m·s-1 for all CG configurations and with no rig at 1-g. 
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Figure E-3. Muscle activation of the erector spinae at 1.3•m·s-1 for all CG configurations and with no rig at 1-g. 

 

Figure E-4. Muscle activation of the erector spinae at 1.7 m•s-1 for all CG configurations and with no rig at 1-g. 
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Figure E-5. Muscle activation of the erector spinae at 2.1 m•s-1 for all CG configurations and with no rig at 1-g. 

 

Figure E-6. Muscle activation of the erector spinae at 2.5•m·s-1 for all CG configurations and with no rig at 1-g. 
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E.2 Changing Incline Conditions 

 

Figure E-7. Muscle activation of the erector spinae at -10% grade for all CG configurations and with no rig at 1-g. 

 

Figure E-8. Muscle activation of the erector spinae at 0% grade for all CG configurations and with no rig at 1-g. 
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Figure E-9. Muscle activation of the erector spinae at 10% grade for all CG configurations and with no rig at 1-g. 

 

Figure E-10. Muscle activation of the erector spinae at 20% grade for all CG configurations and with no rig at 1-g. 
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Figure E-11. Muscle activation of the erector spinae at 30% grade for all CG configurations and with no rig at 1-g. 
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Appendix F: Test Termination Criteria 

F.1 Test Termination Criteria for All Submaximal Testing 

 Subject request to stop at any time 
 Subject’s HR or measured VO2 at level > 85% VO2pk or 85% of age predicted HR max (if no 

recent VO2pk test on file) for 2 min or more 
 If subject reports discomfort rating > 7 (on Corlett and Bishop 10-point discomfort scale) for two 

consecutive recording periods, subject will be asked to terminate test 
 Subject reports discomfort rating of 10 
 Failure of POGO hardware and/or treadmill system 

F.2 Test Termination Criteria for Postural Stability 

 Subject request to stop at any time 
 Syncope or significant dizziness 
 Subject reports persistent pain or discomfort 
 Injury due to a fall 
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Appendix G: Integrated Suit Test-3 Test Conductor Checklist 

G.1 Constellation Program Extravehicular Activity Systems Test 3 –  
Shirtsleeve Test Session 1 Checklist 

Setup 
□ 1) Ensure subject’s clothes and shoes are ready 

□ 
2) 

 
Determine and record the randomized order to be used for the day’s trials (EVA Physiology, 
Systems and Performance [EPSP] Project) 

□ 3) Prepare data sheets for test session (EPSP) 
□ 4) Ensure medical monitor is identified (EPSP) 
□ 5) Prepare and calibrate met cart (Exercise Physiology Laboratory [EXL]) 
□ 6) Prepare and calibrate near-infrared spectroscopy (NIRS) system (EXL) 
□ 7) Prepare and calibrate motion capture system for subject (ABF) 
□ 8) Prepare and calibrate GRF system (ABF) 
□ 9) Prepare shirtsleeve rig for initial condition (EPSP) 

Pretest Preparation 

□ 1) Have subject read and sign informed consent form, with test conductor answering questions 
□ 2) Ask subject to enter the changing area 
□ 3) Provide subject clothing and heart rate strap – explain donning order 
□ 4) Instrument subject with EMG system and remaining clothes 
□ 5) Ask subject to don the form-fitting suit and shoes for motion capture 
□ 6) Weigh subject 
□ 7) Describe the test procedure and familiarize the subject with the shirtsleeve rig 

□ 
8) 

 
Go over GCPS, RPE, and thermal ratings with subject (Usability Testing and Analysis 
Facility [UTAF]) 

Pretest Briefing 

□ 1) Hand out data/cover sheet with test order and objectives 
□ 2) Review motion capture field 
□ 3) Review hard hat area 
□ 4) Medical monitor identified and contact information posted 
□ 5) Test termination criteria reviewed and posted 
□ 6) Emergency egress procedures reviewed and personnel identified 

Trial 1 Preparation – Level Treadmill 

□ 1) Instrument subject with reflective markers for motion capture 
□ 2) Instrument subject with NIRS 
□ 3) Instrument subject with COSMED 
□ 5) Assist subject onto center of treadmill 
□ 6) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 7) Check EMG system (ABF) 
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Trial 1 Steps – Level Treadmill 
□ 1) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 2) Inform test subject that the treadmill is starting and increase to 0.9 mph 
□ 3) Based on COSMED clock, start actual data collection on the minute or half-minute 
□ 4) UTAF to record RPE and GCPS at 30 s 
□ 5) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 6) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 7) Increase speed to 1.9 mph and repeat steps 4–6 
□ 8) Increase speed to 2.8 mph and repeat steps 4–6 
□ 9) Increase speed to 3.7 mph and repeat steps 4–6 
□ 10) Increase speed to 4.6 mph and repeat steps 4–6 
□ 11) Increase speed to 5.6 mph and repeat steps 4–6 
□ 12) Inform test subject that the treadmill is stopping and stop treadmill 
□ 13) Help subject off treadmill and provide subject a seat 
□ 14) Offer subject water, as needed 

Trial 2 Preparation – Incline/Decline Treadmill 
□ 1) Check and re-instrument subject with reflective markers, as needed 
□ 2) Check NIRS 
□ 3) Instrument subject with COSMED 
□ 4) Assist subject onto center of treadmill 
□ 5) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 6) Help subject off treadmill and adjust to -10% 
□ 7) Check EMG system (ABF) 

Trial 2 Steps – Incline/Decline Treadmill 
□ 1) ABF measures treadmill orientation data at -10% 
□ 2) Assist subject onto center of treadmill 
□ 3) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 4) Inform test subject that the treadmill is starting and increase to 1.9 mph 
□ 5) Based on the COSMED clock, start actual data collection on the minute or half-minute 
□ 6) UTAF to record RPE and GCPS at 30 s 
□ 7) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 8) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 9) At 3 min, stop treadmill and help subject off treadmill 
□ 10) Increase incline to 10% and repeat steps 1–9 
□ 11) Increase incline to 20% and repeat steps 1–9 
□ 12) Increase incline to 30% and repeat steps 1–9 
□ 13) Remove COSMED and recalibrate, also download COSMED data 
□ 14) Return treadmill to 0% 
□ 15) Offer subject water, as needed 
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Trial 3 Preparation – Level Treadmill 

□ 1) Offload CG rig to neutral 
□ 2) Assist subject in getting into the shirtsleeve rig harness while attached to the Pogo 
□ 3) Instrument subject with reflective markers for motion capture 
□ 4) Instrument subject with NIRS 
□ 5) Instrument subject with COSMED 
□ 6) Offload subject to approximate target weight 
□ 7) Subject stands on scale 
□ 8) Adjust to target weight and record weight 
□ 9) Assist subject onto center of treadmill 
□ 10) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 11) Check EMG system (ABF) 

Trial 3 Steps – Level Treadmill 
□ 1) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 2) Inform test subject that the treadmill is starting and increase to 0.9 mph 
□ 3) Based on COSMED clock, start actual data collection on the minute or half-minute 
□ 4) UTAF to record RPE and GCPS at 30 s 
□ 5) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 6) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 7) Increase speed to 1.9 mph and repeat steps 4–6 
□ 8) Increase speed to 2.8 mph and repeat steps 4–6 
□ 9) Increase speed to 3.7 mph and repeat steps 4–6 
□ 10) Increase speed to 4.6 mph and repeat steps 4–6 
□ 11) Increase speed to 5.6 mph and repeat steps 4–6 
□ 12) Inform test subject that the treadmill is stopping and stop treadmill 
□ 13) Help subject off treadmill and provide a seat 
□ 14) Reduce offload to CG rig neutral 
□ 15) Remove COSMED and download data 

Trial 4 Preparation – Incline/Decline Treadmill 
□ 1) Check and re-instrument subject with reflective markers, as needed 
□ 2) Check NIRS 
□ 3) Instrument subject with COSMED 
□ 4) Offload subject to approximate target weight 
□ 5) Subject stands on scale 
□ 6) Adjust to target weight and record weight 
□ 7) Assist subject onto center of treadmill 
□ 8) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 9) Help subject off treadmill and adjust to -10% 
□ 10) Check EMG system (ABF) 
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Trial 4 Steps – Incline/Decline Treadmill 
□ 1) ABF measures treadmill orientation data at -10% 
□ 2) Assist subject onto center of treadmill 
□ 3) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 4) Inform test subject that the treadmill is starting and increase to 1.9 mph 
□ 5) Based on the COSMED clock, start actual data collection on the minute or half-minute 
□ 6) UTAF to record RPE and GCPS at 30 s 
□ 7) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 8) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 9) At 3 min, stop treadmill and help subject off treadmill 
□ 10) Increase incline to 10% and repeat steps 1–9 
□ 11) Increase incline to 20% and repeat steps 1–9 
□ 12) Increase incline to 30% and repeat steps 1–9 
□ 13) Reduce offload to CG rig neutral and provide a seat 
□ 14) Remove COSMED and download COSMED data 
□ 15) Return treadmill to 0% 

Trial 5 Preparation – Level Treadmill 
□ 1) Adjust CG rig to new CG setting, as described in test randomization order 

□ 2) Check and re-instrument subject with reflective markers, as needed 
□ 3) Check NIRS 
□ 4) Instrument subject with COSMED 
□ 5) Offload subject to approximate target weight 
□ 6) Subject stands on scale 
□ 7) Adjust to target weight and record weight 
□ 8) Assist subject onto center of treadmill 
□ 9) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 11) Check EMG system (ABF) 

Trial 5 Steps – Level Treadmill 
□ 1) Assist subject onto center of treadmill 
□ 2) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 3) Inform test subject that the treadmill is starting and increase to 1.9 mph 
□ 4) Based on the COSMED clock, start actual data collection on the minute or half-minute 
□ 5) UTAF to record RPE and GCPS at 30 s 
□ 6) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 7) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 8) Increase speed to 1.9 mph and repeat steps 6–8 
□ 9) Increase speed to 2.8 mph and repeat steps 6–8 
□ 10) Increase speed to 3.7 mph and repeat steps 6–8 
□ 11) Increase speed to 4.6 mph and repeat steps 6–8 
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□ 12) Increase speed to 5.6 mph and repeat steps 6–8 
□ 13) Inform test subject that the treadmill is stopping and stop treadmill 
□ 14) Help subject off treadmill 
□ 15) Reduce offload to CG rig neutral and provide subject a seat 
□ 16) Remove COSMED and download COSMED data 

Trial 6 Preparation – Incline/Decline Treadmill 
□ 1) Check and re-instrument subject with reflective markers, as needed 
□ 2) Check NIRS 
□ 3) Instrument subject with COSMED 
□ 4) Offload subject to approximate target weight 
□ 5) Subject stands on scale 
□ 6) Adjust to target weight and record weight 
□ 7) Assist subject onto center of treadmill 
□ 8) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 9) Help subject off treadmill and adjust to -10% 
□ 10) Check EMG system (ABF) 

Trial 6 Steps – Incline/Decline Treadmill 
□ 1) ABF measures treadmill orientation data at -10% 
□ 2) Assist subject onto center of treadmill 
□ 3) Ensure all teams are ready and subject’s metabolic rate is being captured 
□ 4) Inform test subject that the treadmill is starting and increase to 1.9 mph 
□ 5) Based on the COSMED clock, start actual data collection on the minute or half-minute 
□ 6) UTAF to record RPE and GCPS at 30 s 
□ 7) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 
□ 8) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 
□ 9) At 3 min, stop treadmill and help subject off treadmill 
□ 10) Increase incline to 10% and repeat steps 1–9 
□ 11) Increase incline to 20% and repeat steps 1–9 
□ 12) Increase incline to 30% and repeat steps 1–9 
□ 13) Reduce offload to CG rig neutral and provide subject a seat 
□ 14) Remove COSMED and download COSMED data 
□ 15) Return treadmill to 0% 

Test Completion and Cleanup 

□ 1) Collect and properly secure metabolic cart data for subject 
□ 2) Collect and properly secure motion capture data for subject 
□ 3) Collect and properly secure GRF data for subject 
□ 4) Collect and properly secure POGO data for subject 
□ 5) Clean met cart equipment, including sterilization of nose clip and mouthpiece 
□ 6) Clean and power down all equipment, as necessary 
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G.2 Constellation Program Extravehicular Activity Systems Test 3 –  
Shirtsleeve Test Session 2 Checklist 

Setup 

□ 1) Ensure subject’s clothes and shoes are ready 

□ 2) Determine and record the randomized order to be used for the day’s trials (EPSP) 

□ 3) Prepare data sheets for test session (EPSP) 

□ 4) Ensure medical monitor is identified (EPSP) 

□ 5) Prepare and calibrate met cart (EXL) 

□ 6) Prepare and calibrate motion capture system for subject (ABF) 

□ 7) Prepare and calibrate GRF system (ABF) 
□ 8) Prepare shirtsleeve rig for initial condition (EPSP) 

Pretest Preparation 

□ 
1) 
 

Have subject read and sign informed consent form, with test conductor answering 
questions 

□ 2) Ask subject to enter the changing area and record his/her naked BW 

□ 3) Provide subject clothing and heart rate strap – explain donning order 

□ 4) Instrument subject with EMG system and remaining clothes 

□ 5) Ask subject to don the form-fitting suit for motion capture 
□ 6) Describe the test procedure and familiarize the subject with the shirtsleeve rig 

Pretest Briefing 

□ 1) Hand out data/cover sheet with test order and objectives 

□ 2) Review motion capture field 

□ 3) Review hard hat area 

□ 4) Medical monitor identified and contact information posted 

□ 5) Test termination criteria reviewed and posted 
□ 6) Emergency egress procedures reviewed and personnel identified 

Trial 1 Preparation – Level Treadmill 

□ 1) Offload CG rig to neutral 

□ 2) Assist subject in getting into the shirtsleeve rig harness while attached to the Pogo 

□ 3) Instrument subject with reflective markers for motion capture 

□ 4) Instrument subject with NIRS 

□ 5) Instrument subject with COSMED 

□ 6) Offload subject to approximate target weight 

□ 7) Subject stands on scale 

□ 8) Adjust to target weight and record weight 

□ 9) Assist subject onto center of treadmill 

□ 10) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 11) Check EMG system (ABF) 
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Trial 1 Steps – Level Treadmill 

□ 1) Ensure all teams are ready and subject’s metabolic rate is being captured 

□ 2) Inform test subject that the treadmill is starting and increase to 0.9 mph 

□ 3) Based on COSMED clock, start actual data collection on the minute or half-minute 

□ 4) UTAF to record RPE and GCPS at 30 s 

□ 5) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 

□ 6) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 

□ 7) Increase speed to 1.9 mph and repeat steps 4–6 

□ 8) Increase speed to 2.8 mph and repeat steps 4–6 

□ 9) Increase speed to 3.7 mph and repeat steps 4–6 

□ 10) Increase speed to 4.6 mph and repeat steps 4–6 

□ 11) Increase speed to 5.6 mph and repeat steps 4–6 

□ 12) Inform test subject that the treadmill is stopping and stop treadmill 

□ 13) Help subject off treadmill and provide subject a seat 

□ 14) Reduce offload to CG rig neutral 
□ 15) Remove COSMED and download data 

Trial 2 Preparation – Incline/Decline Treadmill 

□ 1) Check and re-instrument subject with reflective markers, as needed 

□ 2) Check NIRS 

□ 3) Instrument subject with COSMED 

□ 4) Offload subject to approximate target weight 

□ 5) Subject stands on scale 

□ 6) Adjust to target weight and record weight 

□ 7) Assist subject onto center of treadmill 

□ 8) Have subject stand still for approximately 10 s for static shot and weight capture 

□ 9) Help subject off treadmill and adjust to -10% 
□ 10) Check EMG system (ABF) 

Trial 2 Steps – Incline/Decline Treadmill 

□ 1) ABF measures treadmill orientation data at -10% 

□ 2) Assist subject onto center of treadmill 

□ 3) Ensure all teams are ready and subject’s metabolic rate is being captured 

□ 4) Inform test subject that the treadmill is starting and increase to 1.9 mph 

□ 5) Based on the COSMED clock, start actual data collection on the minute or half-minute 

□ 6) UTAF to record RPE and GCPS at 30 s 

□ 7) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 

□ 8) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 

□ 9) At 3 min, stop treadmill and help subject off of treadmill 

□ 10) Increase incline to 10% and repeat steps 1–9 

□ 11) Increase incline to 20% and repeat steps 1–9 
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□ 12) Increase incline to 30% and repeat steps 1–9 

□ 13) Reduce offload to CG rig neutral and provide subject a seat 

□ 14) Remove COSMED and download COSMED data 
□ 15) Return treadmill to 0% 

Trial 3 Preparation – Level Treadmill 

□ 1) Adjust CG rig to new CG setting, as described in test randomization order 

□ 2) Check and re-instrument subject with reflective markers, as needed 

□ 3) Check NIRS 

□ 4) Instrument subject with COSMED 

□ 5) Offload subject to approximate target weight 

□ 6) Subject stands on scale 

□ 7) Adjust to target weight and record weight 

□ 8) Assist subject onto center of treadmill 

□ 9) Have subject stand still for approximately 10 s for static shot and weight capture 
□ 11) Check EMG system (ABF) 

Trial 3 Steps – Level Treadmill 

□ 1) Assist subject onto center of treadmill 

□ 2) Ensure all teams are ready and subject’s metabolic rate is being captured 

□ 3) Inform test subject that the treadmill is starting and increase to 1.9 mph 

□ 4) Based on the COSMED clock, start actual data collection on the minute or half-minute 

□ 5) UTAF to record RPE and GCPS at 30 s 

□ 6) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 

□ 7) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 

□ 8) Increase speed to 1.9 mph and repeat steps 6–8 

□ 9) Increase speed to 2.8 mph and repeat steps 6–8 

□ 10) Increase speed to 3.7 mph and repeat steps 6–8 

□ 11) Increase speed to 4.6 mph and repeat steps 6–8 

□ 12) Increase speed to 5.6 mph and repeat steps 6–8 

□ 13) Inform test subject that the treadmill is stopping and stop treadmill 

□ 14) Help subject off of treadmill 

□ 15) Reduce offload to CG rig neutral and provide subject a seat 

□ 16) Remove COSMED and download COSMED data 

Trial 4 Preparation – Incline/Decline Treadmill 

□ 1) Check and re-instrument subject with reflective markers, as needed 

□ 2) Check NIRS 

□ 3) Instrument subject with COSMED 

□ 4) Offload subject to approximate target weight 

□ 5) Subject stands on scale 
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□ 6) Adjust to target weight and record weight 

□ 7) Assist subject onto center of treadmill 

□ 8) Have subject stand still for approximately 10 s for static shot and weight capture 

□ 9) Help subject off treadmill and adjust to -10% 

□ 10) Check EMG system (ABF) 

Trial 4 Steps – Incline/Decline Treadmill 

□ 1) ABF measures treadmill orientation data at -10% 

□ 2) Assist subject onto center of treadmill 

□ 3) Ensure all teams are ready and subject’s metabolic rate is being captured 

□ 4) Inform test subject that the treadmill is starting and increase to 1.9 mph 

□ 5) Based on the COSMED clock, start actual data collection on the minute or half-minute 

□ 6) UTAF to record RPE and GCPS at 30 s 

□ 7) ABF to record kinetic/kinematic data for 30 strides immediately after UTAF 

□ 8) UTAF to record RPE, GCPS, discomfort, and thermal comfort within last 30 s of 3 min 

□ 9) At 3 min, stop treadmill and help subject off treadmill 

□ 10) Increase incline to 10% and repeat steps 1–9 

□ 11) Increase incline to 20% and repeat steps 1–9 

□ 12) Increase incline to 30% and repeat steps 1–9 

□ 13) Reduce offload to CG rig neutral and provide subject a seat 

□ 14) Remove COSMED and download COSMED data 

□ 15) Return treadmill to 0% 

Test Completion and Cleanup 

□ 1) Collect and properly secure metabolic cart data for subject 

□ 2) Collect and properly secure motion capture data for subject 

□ 3) Collect and properly secure GRF data for subject 

□ 4) Collect and properly secure Pogo data for subject 

□ 5) Clean met cart equipment, including sterilization of nose clip and mouthpiece 

□ 6) Clean and power down all equipment, as necessary 
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G.3 Constellation Program Extravehicular Activity Systems Test 3 –  
Postural Stability and Exploration Task Checklist

Setup 

□ 1) Ensure subject’s clothes and shoes are ready 

□ 2) Determine and record the randomized order to be used for the day’s trials (EPSP) 

□ 3) Prepare data sheets for test session (EPSP) 

□ 4) Ensure medical monitor is identified (EPSP) 

□ 5) Prepare and calibrate postural stability system (Neurosciences) 

□ 6) Prepare and calibrate motion capture system for subject (ABF) 

□ 7) Prepare and calibrate GRF system (ABF) 

□ 8) Prepare shirtsleeve rig for initial condition (EPSP) 

□ 9) Prepare exploration task hardware (EPSP) 

Pretest Preparation 

□ 1) Describe the test procedure and familiarize subject with the shirtsleeve rig 

□ 2) Ask subject to enter the changing area 

□ 3) Provide subject clothing and heart rate strap – explain donning order 

□ 4) Weigh and record subject weight 

Pretest Briefing 

□ 1) Hand out data/cover sheet with test order and objectives 

□ 2) Review motion capture field 

□ 3) Review hard hat area 

□ 4) Medical monitor identified and contact information posted 

□ 5) Test termination criteria reviewed and posted 

□ 6) Emergency egress procedures reviewed and personnel identified 

Trial 1 Preparation – Postural Stability and Exploration Tasks 

□ 1) Instrument subject with reflective markers for motion capture 

□ 2) Assist subject onto posture platform with proper foot placement 

Trial 1 Steps – Postural Stability and Exploration Tasks 

□ 1) Inform test subject that the postural test is starting and complete 100-s SOT 1 baseline trial 

□ 2) UTAF to record RPE and GCPS at trial completion 

□ 3) Inform test subject that the postural test is starting and complete 100-s SOT 4 baseline trial 

□ 4) UTAF to record RPE and GCPS at trial completion 

□ 5) Inform test subject that the postural test is starting and complete 610-s TU/TD trials 

□ 6) UTAF to record RPE and GCPS at trial completion 

□ 7) Move subject to rock pickup area 

□ 8) On the ABF’s signal, subject completes 3 rock pick up task 

□ 9) UTAF to record RPE and GCPS at trial completion 

□ 10) Switch shovel platform in for rock pickup 

□ 11) On the ABF’s signal, subject completes 3 shoveling task 
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□ 12) UTAF to record RPE and GCPS at trial completion and then move subject to open area 

□ 13) On the ABF’s signal, subject completes 3 kneel-and-recover task 

□ 14) UTAF to record RPE and GCPS at trial completion 

□ 15) Subject rests 

Trial 2–6 Preparation – Postural Stability and Exploration Tasks 

□ 1) Help subject don adjustable CG rig 

□ 2) Instrument subject with reflective markers for motion capture 

□ 3) Adjust subject to correct offload 

□ 4) Assist subject onto posture platform with proper foot placement 

Trial 2 Steps – Postural Stability and Exploration Tasks 

□ 1) Inform test subject that the postural test is starting and complete 100-s SOT 1 baseline trial 

□ 2) UTAF to record RPE and GCPS at trial completion 

□ 3) Inform test subject that the postural test is starting and complete 100-s SOT 4 baseline trial 

□ 4) UTAF to record RPE and GCPS at trial completion 

□ 5) Inform test subject that the postural test is starting and complete 610-s TU/TD trials 

□ 6) UTAF to record RPE and GCPS at trial completion 

□ 7) Move subject to rock pickup area 

□ 8) On the ABF’s signal, subject completes 3 rock pickup task 

□ 9) UTAF to record RPE and GCPS at trial completion 

□ 10) Switch shovel platform in for rock pickup 

□ 11) On the ABF’s signal, subject completes 3 shoveling task 

□ 12) UTAF to record RPE and GCPS at trial completion and then move subject to open area 

□ 13) On the ABF’s signal, subject completes 3 kneel-and-recover task 

□ 14) UTAF to record RPE and GCPS at trial completion 

□ 15) Subject rests and offload is removed 

□ 16) CG rig is adjusted and subject is assisted onto posture platform with proper foot placement 

□ 17) Steps 1–16 are repeated until all configurations are tested 
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