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1 Introduction 
Our current understanding of suited human performance in reduced-gravity planetary en-
vironments includes limited observations from Apollo lunar surface extravehicular activities 
(EVAs) and from a few previous studies conducted in partial-gravity simulation environments 
(1) (2) (3) (4). The Constellation Program (CxP) EVA Systems Project Office (ESPO), which is 
developing design requirements for the next-generation lunar EVA suit, initiated a series of tests, 
working with the EVA Physiology, Systems, and Performance (EPSP) Project and the Anthro-
pometry and Biomechanics Facility (ABF) aimed at understanding human performance and suit 
kinematics under a variety of simulated lunar EVA conditions. These studies included matched 
unsuited controls in an attempt to identify the specific metabolic costs and biomechanics of the 
prototype Mark III Advanced Spacesuit Technology Demonstrator (MKIII). A primary goal of the 
overall test series is to provide evidence-based recommendations for suit mass, center of gravity 
(CG), pressure, and suit kinematic constraints that optimize human performance in partial-
gravity environments. Results of this test series will also be combined with studies in other lunar 
analogs to evaluate the effectiveness and limitations of these environments. 
 
The two previous tests in the series, the EVA Walkback Test (EWT) and the Integrated Suit 
Test-1 (IST-1), were conducted using the partial-gravity simulator (nicknamed: POGO) in the 
Space Vehicle Mock-up Facility (SVMF, Building 9) and the MKIII. The study described in this 
report, Integrated Suit Test-2 (IST-2), was conducted in the SVMF using the MKIII suit because 
the MKIII is the only planetary suit prototype in NASA’s inventory that is compatible with the 
POGO. The MKIII also has the most variable operational pressure range of the available prototype 
suits. IST-2, the companion test to IST-1 (2), had identical objectives and similar test conditions 
but different test points. Whereas IST-1 focused on level-ground ambulation, IST-2 focused on 
exploration tasks and inclined ambulation. 
 
To evaluate the human performance effects of changes in any parameter of interest, only that 
parameter was changed while all other controlled test variables were held constant. For instance, 
when the effect of weight was varied by applying changes to the POGO offload, the suit pressure, 
suit mass, and suit CG were all held constant (as much as possible). Wherever possible, these 
changes were also evaluated in both suited and unsuited (shirtsleeve) tests. The terms unsuited 
and shirtsleeve will be used interchangeably throughout this document. Due to limitations, this 
study did not test all possible combinations of the variables of interest but, rather, focused on the 
most likely operationally relevant zones from which to vary parameters. As our understanding of 
suited human performance matures, different combinations of these variables can be evaluated to 
determine whether significant interactions exist between these parameters. 
 
This report provides an overview of the key findings of IST-2. As future tests are completed, 
focusing on other suit factors, analog environments, or different suits, the results of this study 
will be continually combined and reevaluated. The series of tests comprising IST-2 was 
conducted from June 13, 2007 through October 24, 2007. 
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1.1 Primary Test Objectives 

The purpose of IST-2 was to move beyond level-ground locomotion and evaluate suited human 
performance during exploration-type tasks and inclined locomotion. Specifically, the primary 
objectives of this test were to 
 

1. Identify the individual contributions of weight, mass, pressure, and suit kinematics to 
the overall metabolic cost of the MKIII suit in its 121-kg (265-lb.) POGO configuration, 
including the mass of the Portable Life Support System (PLSS) mock-up and gimbal, 
which is 29.6 kPa (4.3 psi) during inclined ambulation and exploration tasks in 1/6-g. 

2. Quantify the effects of the following factors on suited and/or unsuited metabolic rate, 
biomechanics, and subjective ratings during exploration tasks and inclined ambulation: 
a. Suited – varied suit pressure at constant offload, mass, and CG 
b. Suited – varied suit offload (weight) at constant pressure, mass, and CG 
c. Unsuited – varied offload (weight) at constant mass and CG 
d. Unsuited – varied mass at constant offload and CG 

3. Compare the MKIII at POGO configuration to the MKIII at POGO configuration with the 
waist bearing locked. 

4. Develop predictive models of metabolic rate, subjective ratings, and suit kinematics based 
on measurable suit, task, and subject parameters. 

 

1.2 Secondary Test Objectives 

The secondary objectives of IST-2 did not determine the test protocol. Rather, they are other 
expected ways for which these data could be applied. Secondary objectives include the following: 
 

1. Define standard measures and protocols for objectively evaluating future exploration suit 
candidates and requirements verification of the flight suit. 

2. Understand specific human performance limitations of the suit compared to matched shirt-
sleeve controls. 

3. Collect metabolic and ground-reaction force data to develop an EVA simulator for use on 
future prebreathe protocol verification tests. 

4. Provide data to estimate consumables usage for input to suit and PLSS design. 
5. Assess the cardiovascular and resistance exercise associated with partial-gravity EVA for 

planning appropriate exploration exercise countermeasures. 

2 Methods 
2.1 Subjects 

Subjects were recruited from two different pools of personnel – those who typically perform 
EVA suited studies for the Johnson Space Center (JSC) Engineering Directorate and a group of 
astronauts, many of whom have previous in-space EVA experience, selected to support explora-
tion EVA studies. Suit fit-checks in the MKIII suit were performed on a range of subjects, and 
only those who had good suit fit were considered for inclusion in this study due to potential med-
ical and safety issues. From this list, six male astronaut subjects (Table 1) participated in the data-
collection phases of the study. All subjects had also participated in IST-1 and had significant 
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experience with both the MKIII and the POGO. At this time, no available female astronauts 
properly fit in the MKIII suit. 

 
Table 1. Subject Characteristics 

n=6 Height  
(cm) 

Body Mass 
(kg) 

Age  
(yr) 

VO2pk* 
(mL/min/kg) 

Leg Length 
(cm) 

Average 179.1 80.7 44.8 50.8 104.0 
St. Dev. 4.8 8.5 6.9 6.7 3.8 
Max 185.9 86.4 52.0 60.7 109.2 
Min 174.6 68.2 37.0 42.6 100.2 

*VO2pk = peak rate of oxygen (O2) consumption. 
 
All subjects successfully passed the modified Air Force Class III physical or equivalent exam-
ination. Each subject was provided verbal and written explanations of both the testing protocols 
and the potential risks and hazards involved in the testing and signed NASA JSC human research 
documentation indicating his understanding and consent. All testing protocols were reviewed and 
approved by NASA JSC Committee for the Protection of Human Subjects, and appropriate test 
readiness reviews were conducted before testing. 

2.2 Test Hardware 

Test hardware used for IST-2 included the POGO, MKIII gimbal support structure, shirtsleeve 
harness, X-Vest, and VacuMed (Ventura, Calif.) treadmill. These pieces of hardware, which were 
previously described in the test hardware section of the EWT (1) and IST-1 report (2), will not be 
discussed in this report. 

2.2.1 Mark III Advanced Spacesuit Technology Demonstrator (MKIII)  

For suited testing, the MKIII suit (Figure 1) was used as it represents a suit concept that provides 
the dynamic ranges of motion considered necessary for a wide variety of planetary EVA tasks 
within today’s technology level given other constraints that must be considered in pressure gar-
ment design. The MKIII also had an existing method to integrate with the POGO and allowed for 
varied pressure testing. Thus, the MKIII provides a valid testbed from which attainable require-
ments for future suit development can be derived. The MKIII is a hybrid spacesuit configuration 
composed of hard elements (e.g., a hard upper torso and brief section) and soft components (e.g., 
fabric elbows and knees designed to handle operating pressures of up to 55.0 kPa [8.0 psi]). An-
other feature of the suit is the use of convolutes and bearings allowing multi-axial mobility joint 
systems The shoulder is a rolling convolute with scye and upper arm bearing. At the waist, both 
a bearing and a rolling convolute are used to allow for flexion, extension, and rotation. Multiple 
bearings and convolutes at the hip and thigh allow abduction, adduction, flexion, and extension. 
The suit is entered through a hatch on the backside of the hard upper torso (rear entry suit) that 
also accommodates integration of a backpack PLSS. Suit subjects are stabilized in the suit by 
shoulder straps. The boots are modified commercial work boots with flexible soles for walking 
and a convoluted ankle joint for mobility. The MKIII has modular leg, arm, and boot soft goods 
components that allow individualized sizing adjustments with metal sizing rings. Foam padding 
is also used to improve fit and avoid pressure or rubbing spots. 
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2.2.2 Busy board 

To simulate construction-type tasks and tool use, we used a custom-built “busy board” with 
several different quick-disconnect (QD) hoses and a removable handrail (Figure 2). Only the 
components on the top half of the board were completed. A portable power drill was provided 
for handrail removal and reinstallation. 

 
 

Figure 2. Busy board included handrail removal/installation and several quick-disconnect stations. 

2.3 Testing Protocols 
2.3.1 Inclined ambulation 

Each subject walked on an inclined treadmill for 3 minutes at his lowest walking speed as 
determined previously from IST-1 during the preferred transition speed (PTS) establishment (2). 
This lowest walking speed was the PTS minus 0.7 m•s-1. Grades tested were primarily 10%, 20%, 
and 30%. Initially, the grades tested were to be 10%, 15%, and 20% at the three heaviest weight 
(lowest offload) conditions, but it quickly became apparent that 10%, 20%, and 30% grade could 
be used throughout the test. Two subjects performed the test at 10%, 15%, and 20%, while the 
remaining four subjects completed every condition at 10%, 20%, and 30% grade. 
 
This testing protocol was performed during all suited and shirtsleeve configurations. 

2.3.2 Exploration tasks 

Each subject performed a battery of tasks representing typical activities expected during lunar 
EVA performance. Tasks included, in the order of performance, are described as follows: 
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1. Small rock pickup – Subjects stepped onto two force plates and bent down to pick up 
a 1-kg weight and then stood up completely. Subjects then returned the weight to the 
starting point, stood back up. and stepped off the force plates. Due to interactions and 
limited mobility with the POGO gimbal interface to the MKIII, the weight was elevated on 
a surface 50 cm from the top of the force plates. This was repeated three times for each 
condition. 

2. Large rock pickup – Subjects stepped onto two force plates and bent down to pick up a 
5-kg weight and then stood up completely. Subjects then returned the weight to the starting 
point, stood back up, and stepped off the force plates. Again, due to interactions and limited 
mobility with the POGO gimbal interface to the MKIII, the weight was elevated on a surface 
50 cm from the top of the force plates. This was repeated three times for each condition. 

3. Shoveling (biomechanics emphasis) – Subjects were provided a shovel before begin-
ning this task. Subjects then stepped onto two force plates and proceeded to move a single 
shovelful of lava rocks from the rock box to the collection bucket. Once the single shovel-
ful was transferred, the subjects stepped off the force plate. Due to interactions and limited 
mobility with the POGO gimbal interface to the MKIII, the rock box and collection bucket 
were placed on the treadmill, which was 40 cm from the top of the force plates. This was 
repeated three times for each condition. 

4. Shoveling (metabolic emphasis) – Subjects were provided a shovel before beginning 
this task. Subjects then proceeded to shovel lava rocks from the rock box to the collection 
bucket until either the rock box was empty or 3 minutes had elapsed. Due to interactions 
and limited mobility with the POGO gimbal interface to the MKIII, the rock box and the 
collection bucket were placed on the treadmill, which was 50 cm off the floor. The differ-
ence in heights for the rocks on the different shoveling tasks was due to the removal of the 
force plates for the shoveling with metabolic emphasis. 

5. Kneel and recover – Subjects kneeled on one knee and returned to a standing position. 
Subjects were instructed to kneel on the same knee for each trial. This was repeated three 
times for each condition. 

6. Rock transfer – Eight different weights were placed on a platform 40 cm off the ground 
(equivalent to the height of the treadmill surface) and 2.5 m from the treadmill. Starting 
from the treadmill, subjects proceeded to move all weights from the platform to the tread-
mill one at a time and then return the weights one at a time back to the platform. 

7. Hammering – Subjects were provided a rubber mallet and were instructed to hammer six 
different spots on the rock. The rock was placed on a platform 40 cm above the ground. 

8. Ladder placement – Subjects were handed a 10-ft ladder at waist level parallel to the 
ground. Subjects then rotated the ladder into the upright position and placed the top rung 
over a preset marker on a stand. Once the ladder was upright and secure, subjects removed 
the ladder and returned it to waist level. 

9. Busy board – Subjects stood on two force plates in front of a vertically mounted busy 
board. This board ( 

10. ) contained several different types of QD tasks and involved the removal and reinstallation 
of a handrail using a handheld power drill. Subjects completed all tasks on the board twice. 

 
This testing protocol was performed during all suited and shirtsleeve configurations except for 
the two suited conditions at 34.5 kPa (5.0 psi) and 44.8 kPa (6.5 psi). These higher-pressure con-
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ditions were not tested because subjects used the Phase VI gloves with the MKIII suit, which 
were believed to provide better manual dexterity but were only rated to 29.6 kPa (4.3 psi). 

2.3.3 Weight carry 

Each subject walked on a level treadmill for 3 minutes at his lowest walking speed while 
carrying a weighted load in front of him. Each subject completed three different loads of 4.5, 9.1, 
and 13.6 kg (10, 20, and 30 lb) for 3 minutes apiece. The 4.5- and 13.6-kg loads were round 
rubber medicine balls, and the 9.1-kg load was a rectangular sandbag. 
 
This testing protocol was performed at the POGO suited configuration of 29.6 kPa (4.3 psi), 
121-kg suit mass, and lunar gravity. It was also completed during the shirtsleeve configuration at 
lunar gravity. 

2.4 Testing Sessions 

Subjects participated in four separate test sessions: [1] unsuited inclined ambulation; [2] unsuited 
exploration tasks; [3] suited inclined ambulation, and [4] suited exploration tasks. Session order, 
which was not controlled, was a by-product of the facility schedule, facility setup, and subject 
schedule. Task order was controlled and done in the same order for each trial to make valid 
comparisons across configurations. 
 
For inclined ambulation test sessions, subjects started at the lowest incline and proceeded to the 
highest incline (10%, 20%, and 30%). For the two configurations that included the weight carry, 
the 13.6-kg load carry was performed first, followed by 10%, 20%, and 30% incline conditions; 
the 9.1-kg load carry and 4.5-kg load carry were performed last. For exploration task test ses-
sions, the task order was done in the order in which the tasks were described previously. 
 
Testing configuration order was balanced within each test session to minimize fatigue and 
familiarization issues. The only exception to this was that the 1-g unsuited trial was always 
done first on the unsuited testing days, and the suited trials with the waist locked were always 
performed last. For the suited exploration task test session, a full familiarization session was 
included at lunar gravity in the POGO configuration. 

2.4.1 Weight/mass/offload/gravity terminology 

To prevent confusion with the terminology used throughout the report, Figure 3 describes the 
way in which terminology is used throughout this document. System mass is defined as the sum 
of the gimbal support structure, PLSS mockup, MKIII, and subject masses with kilograms as the 
defining unit. Total gravity adjusted weight (TGAW) is the resultant weight on the ground after 
the POGO offloading force has been applied to the system mass. TGAW is described with units 
of force such as Newtons or pounds. TGAW is calculated by multiplying the system mass by the 
gravity level. Offload is the upward vertical force applied to the system mass, and gravity is the 
downward vertical force applied to the system mass. On Earth, gravity is a constant at 9.81 m•s-2, 
so the only way to alter the effect of gravity is to apply offload to the system mass to slow the 
acceleration the system mass returns to the ground. This also alters the TGAW, which can be 
plainly referred to as “weight.” 
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Figure 4. Instrumented unsuited subject wearing an X-Vest and performing shoveling task 
(metabolic emphasis). 

2.4.3 Varied pressure (suited) 

To evaluate the effect of varied suit pressure on human performance, each subject donned the 
MKIII suit with an initial pressure of 29.6 kPa (4.3 psi) and an in-suit O2 concentration of 21% 
provided via certified breathing air, as is customary during EVA test operations with the MKIII 
(Figure 5). Each subject completed the inclined ambulation trials at each of five different suit 
pressures: 6.9, 20.7, 29.6, 34.5, and 44.8 kPa (1.0, 3.0, 4.3, 5.0, and 6.5 psi) and the exploration 
tasks at each of three different suit pressures: 6.9, 20.7, and 29.6 kPa (1.0, 3.0, and 4.3 psi). 
Suit mass (121 kg) was held constant during these trials. 
 

 
Figure 5. Suited subject performs inclined treadmill locomotion. 
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2.4.4 Varied weight test (unsuited and suited) 

Inclined ambulation and exploration tasks used in the varied pressure and varied mass conditions 
were repeated in both suited and unsuited conditions at a range of simulated suit weights while 
holding constant mass (121 kg) and suit pressure (29.6 kPa [4.3 psi]). For suited testing, POGO 
offloading force was adjusted to different gravity levels of 0.12-g, 0.17-g, 0.22-g, 0.27-g, and 
0.32-g. For these trials, the mean TGAW (calculated using mean subject mass of 80.7 kg) was 
53, 75, 97, 119, and 141 lb. TGAW did vary slightly from these mean levels, depending on 
how an individual subject’s body mass differed from the mean. 
 
By using a constant mass suit, neither the inertial properties nor the mass distribution was 
changed. Because suits of varied mass were unavailable and current POGO hardware does not 
provide the lift capability of adding significant mass, the closest comparison we could make to 
understanding how a change in suit mass affects human performance was to simulate a change in 
mass by varying the offload level to see how a constant mass suit affected human performance at 
a different TGAW. Assuming our mean subject mass of 80.7 kg and true lunar gravity, it would 
require a suit mass of approximately 63, 121, 186, 247, or 308 kg to achieve the same TGAWs as 
were tested in IST-2. A combination of the unsuited varied mass testing in this study as well as 
future suited and/or unsuited varied mass and weight testing will be required to understand how 
mass properties of the suit affect performance. 
 
Unsuited testing was performed at 1-g, 0.17-g, and weight-matched conditions in which the 
TGAW of an unsuited subject was matched to the same TGAW as in the suited condition for 
0.12-g, 0.17-g, and 0.22-g. 

2.5 POGO Off-loading 

Before beginning any trial, the target weight for the subject was verified with the integrated 
force plates in the treadmill. For all tests, the target weight was adjusted to ± 1.4 kg (3 lb). This 
allowed for much quicker adjustments and minimized the overall time a subject was actually sus-
pended by the POGO as compared to previous tests with a ± 0.5-kg (1-lb.) zone for target weight. 

2.6 Metabolic Data Collection and Analysis 

During unsuited tests, the metabolic rate was determined from continuous measurement of the 
rate of oxygen consumption (VO2), rate of carbon dioxide (CO2) production (VCO2), and 
expiratory volume (VE) using an oronasal mask and COSMED K4b2 (COSMED USA Inc., 
Chicago, Ill.). Heart rate was monitored from a chest strap monitor (Polar S-810i, Lake Success, 
N.Y.). 
 
During exercise in the MKIII suit, metabolic rate was based on measured suit ventilation rate, 
expired CO2 concentration in the exhaust umbilical (CD-3A Infrared Carbon Dioxide Analyzer, 
AEI Technologies, Pittsburgh, Penn.) and the regression between VCO2 and VO2 as measured 
during the subject’s most recent VO2pk test. This technique and hardware were identical to those 
currently used during suited Neutral Buoyancy Laboratory tests and in IST-1 and the EWT. 
 
The metabolic rates for inclined ambulation represent the highest 1-minute average VO2 during 
each of the 3-minute walking stages. Metabolic rate was defined as milliliters of O2 consumed 
per kilogram of the subject’s body mass, per minute (mL•kg-1•min-1). Transport cost was defined 
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as milliliters of O2 consumed per kilogram of the subject’s body mass per km traveled (mL•kg-

1•km-1). 
 
For exploration tasks, metabolic cost was used because the workload cannot be controlled; 
therefore, there cannot be a clear steady-state metabolic rate to compare between subjects and 
conditions. We define metabolic cost as the total O2 consumed during completion of the task. 
 
For all metabolic data, the best second-order polynomial fit was used for displaying trend lines. 

2.6.1 Calculating contributions of weight, mass, pressure, and suit kinematics to 
the overall metabolic cost of the MKIII suit 

Individual contributions to the total metabolic cost of the MKIII suit were based on a second-
order polynomial regression model combining suited and unsuited data from this test. The unsuited 
baseline metabolic rate and the suited metabolic rate were calculated by using the regression equa-
tion relating speed to metabolic rate. The total metabolic cost of the suit was determined by sub-
tracting unsuited trials from suited trials. Two different models exist due to different methods of 
calculating the cost of weight. In the unsuited weight cost model, the metabolic cost of weight 
was determined by calculating the difference between unsuited and unsuited weight-matched 
trials. In the suited weight cost model, the cost of weight was determined by extrapolating re-
gression equations back to a 0.0-N suit weight and calculating the difference between 0.0 and 
1,187 N (121 kg). Models pertaining to treadmill ambulation used the unsuited weight cost 
model whereas models pertaining to exploration tasks used the suited weight cost model. The 
cost of suit pressure was determined by extrapolating regression equations back to 0.0 kPa and 
determining the difference between 0.0 and 29.6 kPa (4.3 psi). The last component, titled “other 
suit/system factors,” is a large mix of factors including suit factors such as mass, kinematic con-
straints, and stability as well as system-level components such as harnessing differences between 
unsuited and suited conditions and possibly differences due to different metabolic collection sys-
tems. There may also be other factors of which we are unaware. This “other suit/system factors” 
category was calculated by subtracting the metabolic cost of pressure and weight from the total 
metabolic cost of the suit. 

2.6.2 Significant metabolic differences 

In comparing the metabolic costs of different suited conditions, it is important to define some 
level of metabolic rate that is deemed significant. Due to the limited sample size (n = 6), inferential 
statistics were not used; therefore statistical significance was not calculated. For these analyses, a 
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 (2). In absolute terms, 3.5 mL•kg-1•min-1 would be equiv-
alent to 0.30 L•min-1 assuming an average subject body mass of 82 kg (180 lb), which is typical 
of the current male astronaut population. 

2.6.3 Earth Shirtsleeve Performance Index 

It would be desirable to develop an EVA suit that required no more effort to perform a task than 
a person performing that same task on Earth without a suit would exert. The Earth Shirtsleeve 
Performance Index (ESSPI) is defined as the metabolic cost of a suited task at partial gravity 
divided by the metabolic cost of performing the same task under Earth shirt-sleeved conditions. 
A full 1-g data set was collected for this study, allowing for exact calculation of the ESSPI. 
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Knowing the 1-g metabolic cost of an activity creates a reference point, and the ESSPI provides 
an index to identify the suited tasks that may require the most improvement. 

2.7 Biomechanical Data Collection and Analysis 

During ambulation, biomechanical data were collected using a 12-camera motion analysis 
system (Vicon MX hardware, Vicon Nexus software [Vicon, Oxford Metrics, Oxford, U.K.]) and 
four strain-gauge force plates (AMTI, Watertown, Mass.). The force data were then processed 
and analyzed using customized MATLAB (The MathWorks™, Natick, Mass.) computer programs. 
Data were sampled during 30 full, consistent strides throughout each stage of testing. 
 
Ground reaction forces were collected using four 46.2×50.8-cm force plates, mounted to each 
corner inside the treadmill underneath the treadmill belt support plate (Figure 6). The signal was 
collected at 1,000 Hz over 30 gait cycles at varying speeds, pressures, and simulated suit weights 
and was then stored for subsequent analysis. The vertical components of each of the four force 
plates were resolved into one vertical component for each of the 30 gait cycles. For all trials, in 
each of the conditions, the peak vertical force was calculated over the 30 gait cycles and aver-
aged over the trial using customized computer code (i.e., MATLAB). 
 
Three-dimensional trajectories of retroreflective markers placed at approximate anatomical 
landmarks on the MKIII suit were collected at 100 Hz (Vicon, Oxford, U.K.) to determine the 
displacement of the segments of the suit. These trajectories were then filtered, processed, and 
reduced to the three-dimensional angular displacement of the three lower-extremity joints during 
locomotion using customized computer code. This information was used for subsequent analysis 
to describe the kinematics of the MKIII suit during treadmill ambulation at varying suit pressures 
and weights. 
 

 
Figure 6. Four force plates (red boxes) were mounted to each corner support structure of  

the treadmill underneath the treadmill belt. 
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The motion analysis system was used to record 3-dimensional trajectories of reflective markers, 
51 in total, which was a modified Plug-in Gait (VICON, Oxford Metrics, Oxford, U.K.) marker set 
(Figure 7 and Figure 8), attached to each body segment of the subjects. The 3-dimensional 
trajectory data were reduced and analyzed using customized MATLAB computer programs to 
provide selected kinematic and temporal spatial characteristics of suited human locomotion. 

 

Figure 7. Anterior view of Plug-in Gait marker set. 

 

 
Figure 8. Posterior view of Plug-in Gait marker set. 
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In movements such as locomotion, the motions of the segments are cyclic in nature. More 
specifically, walking is the periodic movement of each foot from one position of support to the 
next. For walking, one stride (or cycle) is defined as the distance traveled by a person from one 
heel strike to the next heel strike on the same side. For analysis, each trial was subdivided into 
gait cycles. Information from each gait cycle was extracted and averaged, assuming constant 
gait was maintained. 
 
Two methods were used to analyze exploration data. As each subject adopted a different strategy 
to complete the various exploration tasks with which he was presented, analysis of movement 
during trial performance began with examination of qualitative measures (ie, observation). This 
method 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 
population. For instance, production of a movement in the suit can be the result of a simple motion 
about a single joint when executed by a particular subject. However, another subject may necessi-
tate the coordination of several suit joints to accomplish the same task, which prevents the direct 
comparison between subjects when performing various tasks. Additionally, break points of the suit 
joints do not necessarily coincide (line up) with anatomical joint centers of rotation. This does not 
allow for a truly accurate representation of human motion inside the suit, and likely induces con-
straints that determine movement strategies adopted by the subjects when performing the various 
tasks. The analysis technique used was unique to the three exploration tasks (rock pickup, kneel 
and recover, and shoveling) and is discussed in detail in the results section for each task. 
 
The second method used to analyze the exploration tasks was the examination of center of 
pressure (COP). Typically, COP is used by researchers, clinicians, and engineers to examine 
postural stability or other neurovestibular measures. From the cornucopia of research available 
on COP, it is universally understood that if the COP falls outside a person’s base of support (BOS), 
that person will have to take measures to realign the COP within the BOS. For example, if when 
standing still a person’s COP falls outside his BOS, that person will either pick up his feet to 
readjust his BOS or will lose his balance. It is this concept that was employed to examine the task 
of large and small rock pickup. It was hypothesized by the ABF that during a rock pickup task, 
the varying suit weights may perturb the subject’s CG, thus altering the COP and resulting in 
either a change in the subject’s BOS or the subject falling over. 
 
The COP analysis was a multistep process performed in customized code (MATLAB, 
MathWorks™, Natick, Mass.) written by the ABF. The first step in the COP analysis was to 
determine the BOS for each frame of data collected. Typically, the BOS was a box that is formed 
by the right and left foot on the ground. More specifically, while the right and left foot is on the 
ground, the BOS would be a box surrounding the outermost edges of the feet and connecting the 
two. This BOS was determined by using the x, y, and z coordinates for the feet from the kinematic 
data. Next, for each frame of data collected, the COP was calculated for each foot using the 3-
dimensional forces and moments from the force plates. The COPs for the left and right foot were 
combined to determine the COP total (Figure 9). For each frame, the COP total was compared to 
the BOS to determine whether the COP fell outside the BOS (Figure 10). Since for each trial 
and each subject the time of the trial differed, the percentage of frames that the COP total was 
outside the BOS was determined. The BOS was formed for frame k, and the anterior-posterior 
(a-p) and medio-lateral (m-l) coordinates for the COP for frame k were compared to the BOS at 
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the same frame. If the COP in either direction fell outside this boundary, a value of one was 
assigned to that frame and stored in an array. The array was then summed and divided by the 
total number of frames for that trial to determine a percentage. Hence, a value of 50% means that 
for half of that trial the subject’s COP was outside his BOS. Conversely, a value of 0% means the 
subject performed the entire trial without the COP falling outside of the BOS. This measure was 
used in subsequent analyses to determine whether varying suit weights affected the stability of 
the subject. 

 
Figure 9. Medio-lateral and anterior-posterior center of pressure for the left foot and right foot,  

and the total for a small rock pickup trial. 

 
Figure 10. Visualization of how the medio-lateral and anterior-posterior center-of-pressure total was 

compared to the base of support for a small rock pickup trial. 
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2.8 Subjective Data Collection and Analysis 
The following subjective ratings were recorded at various times throughout the test: 
 
 The gravity compensation and performance scale (GCPS) was used to determine the level 

of compensation a person feels is necessary to maintain performance as compared to his 
performance unsuited in 1-g (1). Significant differences in GCPS are discussed in the IST-1 
final report (2). 

 Ratings of perceived exertion (RPE) (5) were used to gauge how much effort subjects felt 
they must exert to complete each condition. RPE was collected during the last minute of the 
inclined ambulation and load carry tasks. It was collected on completion of the metabolic 
shoveling, rock transfer, and busy board exploration tasks. Significant differences in RPE 
are discussed in the IST-1 final report (2). 

 The Corlett & Bishop body part discomfort scale was used to characterize discomfort at 
different body locations (6). Discomfort ratings were collected during the last minutes of 
inclined ambulation and load carry task and at the completion of the series of exploration 
tasks. 

 Thermal comfort was assessed for two reasons: [1] to determine the subjective thermal 
comfort of the subject, and [2] to determine whether any changes were necessary to improve 
the thermal comfort of the subject during testing. Thermal comfort, which was assessed using 
the Bedford scale (7), was collected during the last minute of inclined ambulation and load 
carry tasks and at the completion of the series of exploration tasks. 

 Thermal preference was assessed at the same time as thermal comfort. It was collected to 
determine what changes, if any, were necessary to improve the subject’s thermal comfort. 

 The NASA task load index (TLX) was developed by Hart & Staveland in 1988 (8). It uses 
six factors to assess workload for a task: mental demand, physical demand, temporal 
demand, effort, performance, and frustration. Subjects are asked to complete a pair-wise 
comparison of the six factors, selecting which factor was the greatest source of workload. 
The pair-wise comparison of the six factors contributing to workload determines the 
weighting factor used to calculate the total workload index. Each factor is then rated on a 0 
to 100 scale as to how much it contributed to the workload. Each factor is rated such that 0 is 
the lowest and 100 is the highest, with the exception of performance in which 0 is excellent. 
The definitions of each factor, as presented to the subjects, were as follows: 

Mental demand – how much mental and perceptual activity was required? 
Physical demand – how much physical activity was required? 
Temporal demand – how much time pressure did the subject feel? 
Effort – how hard did the subject have to work (mental and physical)? 
Frustration – how insecure, discouraged, irritated, and annoyed did the subject feel? 
Performance – how well did the subject think [he/she] did; lower score is better, as in 
golf. 

 
For IST-2, at the end of the first condition the subjects were asked to complete the pair-wise 
comparisons and then rate each factor. For subsequent test conditions, the subjects were asked 
whether their pair-wise comparisons changed and were also asked to rate each factor. 
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The following is the equation used to calculate the workload score: 
 

TLX = [sum (weights•rating)]/15 
 
Additional information on each of these scales is included in Appendix B. RPE will also be 
used in conjunction with GCPS to develop predictive models for metabolic rate to ensure that 
these subjective factors can be used in other lunar analog environments, such as underwater analogs 
and parabolic flight, in which direct measures of metabolic rate are currently not possible. Dis-
comfort and thermal comfort were both primarily used for test termination criteria as well as 
to provide feedback to the test team about test hardware, conditions, and length of trials. 
Discomfort and thermal data will not be discussed in this report. 

2.9 Imaging 

Photographic data were collected after the completion of each testing run if trauma or irritations 
due to human-suit interactions were present. This information will be provided as feedback to the 
Space Medicine Division and EVA suit engineers. During all suited tests, a digital video camera 
captured video of the subject in the sagittal plane as well as auditory comments made by the test 
subject and test team members. During all unsuited tests, video was captured without the audio. 
The imaging data, which were kept in reserve, will not be discussed throughout this report other 
than a few pictures used to provide background information. 

3 Results and Discussion 
The results of IST-2 and their implications are discussed in this section. As these results are 
based on one suit architecture using the POGO with a limited number of male astronaut test 
subjects, they should be considered preliminary and in need of further validation. The section is 
separated into subsections corresponding to the test objectives. For each test objective, the results 
of analyses performed to date are described; the potential implications of these preliminary results 
are discussed with respect to EVA suit design requirements and concepts of operations; and the 
plan for completing these analyses and meeting the test objectives are described. Unless other-
wise noted, all results and corresponding figures are based on analysis from all six subjects. 
 
Results and discussion of preferred transition speed and the location of the system CG in relation 
to the gimbal axes of rotation can be found in the IST-1 report (2). 

3.1 Test Objective 1: Contributions of Weight, Mass, Pressure, and Suit 
Kinematics to Metabolic Cost of MKIII Suit in POGO Configuration 

Test Objective 1 was “[to] identify the individual contributions of weight, inertial mass, pressure, 
and suit kinematics to the overall metabolic cost of the MKIII suit in its POGO configuration 
(121 kg [265 lb] including mass of PLSS mockup and gimbal, 29.6 kPa [4.3 psi]) during inclined 
locomotion and exploration tasks in lunar gravity.” 
 
The individual contributions of weight (specifically increased ground reaction force [GRF] with 
greater TGAW), pressure, and the other suit/system factors are shown as a percentage of overall 
metabolic cost for the MKIII suit in its POGO configuration in Figure 11 for inclined walking and 
in Figure 12 for exploration tasks. The methods for calculating the individual contributions are 
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present in untested combinations of these variables. By understanding these individual factors, 
the EPSP Project hopes to provide specific recommendations for suit design requirements, EVA 
mission planning, and overall consumables packaging. 

3.2 Test Objective 2: Quantification of the Effects of Specific Factors on 
Suited and/or Unsuited Metabolic Rate, Biomechanics, and Subjective 
Ratings During Inclined Ambulation and Exploration Tasks 

Test Objective 2 is intended to quantify the effects of the following specific factors on suited 
and/or unsuited metabolic rate, biomechanics, and subjective ratings during inclined ambulation 
and exploration tasks: 
 

a. Suited – varied suit pressure at constant offload (weight), mass, and CG 
b. Suited – varied suit offload (weight) at constant pressure, mass, and CG 
c. Unsuited – varied offload (weight) at constant mass and CG 
d. Unsuited – varied mass at constant offload and CG 

3.2.1 Effect of varied suit pressure at constant offload (weight), mass, and CG 
Metabolic Rate Findings 

For accurate metabolic rate comparisons across the different conditions, nonstandard metrics 
were required. Unlike treadmill ambulation in which workload can be accurately controlled and a 
steady-state metabolic rate can be sampled, exploration tasks were completed in varying amounts 
of time and with different strategies. For example, one subject may choose to complete the task 
slowly at a lower metabolic rate and another may choose a more aggressive approach and finish 
in less time, but at a higher metabolic rate. Therefore, results for average metabolic rates or time 
to completion did not allow for direct comparison. To alleviate this problem, we selected total met-
abolic cost defined as total liters of O2 consumed to complete the task (liters/task) for the busy 
board and rock transfer tasks. For the shoveling task, we selected milliliters of O2 consumed 
per kilograms of rock shoveled (mL/kg rock) for metabolic rate comparison. 
 
Variation in suit pressure at simulated lunar gravity did not significantly affect metabolic rate 
with either exploration tasks (Figure 15) or inclined walking (Figure 16). Task type and the 
walking grade primarily determined metabolic cost. Although there was little to no variation 
from changing suit pressure, it is important to note that exploration tasks did not test at the higher 
pressures of 34.5 or 44.8 kPa. Moreover, while the tasks often involved gripping and hand use, 
no task was extremely hand-intensive for long periods of time. Because hand fatigue and glove-
related trauma are relatively common complaints from EVA, we recommend further evaluation 
of suit pressure and glove function using higher pressures and more hand-intensive tasks. 
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Figure 15. Metabolic rate vs. suit pressure for exploration tasks with 121-kg suit mass at lunar gravity. 

 

 

Figure 16. Metabolic rate vs. suit pressure for inclined walking with 121-kg suit mass at lunar gravity. 
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Subjective Findings 

The trends in the subjective findings were similar to those of the metabolic rate. Very little 
variation in either RPE or GCPS ratings was noted between different suit pressures during in-
clined walking, as shown in Figure 17 and Figure 18, respectively. RPE increased with grade as 
expected. GCPS had a trend towards increasing with grade, but to a lesser extent than RPE. RPE 
ratings tended to rate the exertion level as light to somewhat hard, and GCPS ratings typically in-
dicated that the compensation required for inclined locomotion in the suit was either ideal (GCPS 
≤ 3), acceptable (GCPS of 4), or the modifications warrant improvement (GCPS of 5 to 6). 
 

 
Figure 17. Rating of perceived exertion at varied pressures for suited incline locomotion at the  

121-kg suit mass in lunar gravity. 

 
Figure 18. Gravity compensation and performance scale ratings at varied pressures for suited  

locomotion at the 121-kg suit mass in lunar gravity. 
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On completion of the varied pressure trials using inclined locomotion, subjects were asked to 
provide a rank order of the conditions considering all factors that they experienced. For varied 
pressures and inclined walking, the rank order preference from favorite to least favorite was 
typically from lowest to highest pressure, although this was not the case for every subject. 
 
Due to hardware limitations, exploration task performance was only tested at suit pressures 
≤ 29.6 kPa. Phase VI gloves were used by all subjects to provide the best possible fit with the 
MKIII suit. The general trend for both RPE and GCPS (Figure 19 and Figure 20) was that 29.6 
kPa was the condition that produced the highest ratings, although only slightly higher than the 
other two pressures tested, which were about equal. Again, all of the tasks were relatively short 
in duration, and no task was hand-intensive; therefore, although varying pressure little affected 
the subjective ratings for the tasks tested, other issues that this test did not address in regard to 
hand fatigue and/or glove performance may be related to varied pressure. 
 
At the conclusion of the varied pressure trials for exploration tasks, subjects were asked to rank 
their preference for the different conditions based on their complete experience. Subject rank 
order preference from favorite to least favorite was 6.9, 20.5, and 29.6 kPa, respectively. Five of 
six subjects ranked 29.6 last, and only two subjects chose 20.5 kPa as their favorite. 
 

 

Figure 19. Rating of perceived exertion for exploration tasks at varied pressures with a constant 
121-kg suit mass. 
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Figure 20. Gravity compensation and performance scale ratings for exploration tasks at varied 

pressures with a constant 121-kg suit mass. 

 
Biomechanics Findings 
Treadmill results 
Kinetics 

Typically, vertical GRF data have been shown as the peak GRF in Newtons. To date, repre-
senting the GRF in this format has revealed just the obvious trends (2). Analysis performed on 
the incline treadmill ambulation data stops short of revealing significant trends. 
 
Representing the GRF data in this format, when comparing across subjects, often obscures 
valuable information. For example, if a crew member has a body mass of 80 kg and another 
crew member has a body mass of 100 kg, naturally the peak vertical GRF force would be greater 
for the heavier crew member. However, if we normalize the crew members to their respective body 
weights, a direct comparison can be made between subjects. Normalizing the GRF data to each 
crew member’s unsuited body mass allows the following: 
 
 Results can be compared to 1-g bodyweight for countermeasure development. 
 Consistent comparisons may be made across different gravity conditions. 

 
This normalization provides a baseline from which to make comparisons, especially as one of the 
specific aims of this test is to evaluate the effect of different suit weights on gait parameters. 
 
During Earth terrestrial over-ground walking, typical GRFs are about 1.0 to 1.5 times body 
weight (BW); and during over-ground running, the GRFs can range from 2.0 to 5.0 times BW 
(9). Figure 21 depicts the peak GRF normalized BW at different suit pressures while walking at 
different inclines for all subjects. This method reveals that with varying suit pressures, the subject 
was exposed to peak GRF loads as great as 1.1 times BW. Subjects generally experienced peak 
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GRF loads in the range of 0.5 to 1.1 times BW, regardless of suit pressure conditions or walking 
surface incline. 
 

 
Figure 21. Peak vertical ground reaction force normalized to body weight for all subjects at varying suit 

pressures during treadmill walking at 10%, 20%, and 30% grades at lunar gravity. 

 
Because the moon is at 1/6-g, it is unlikely that the lunar GRF would be in the same range for an 
unsuited subject, but the additional mass of an EVA suit will increase overall loading to the body 
during ambulation. If a similar GRF was seen between a suited ambulation on the moon and an 
unsuited 1-g ambulation, this would create significant implications for the exercise counter-
measure requirements for future lunar explorers. 
 
Temporo-spatial Characteristics 

Figure 22 shows that as the incline increased, there was no observable trend for cadence 
regardless of suit pressure. One possible explanation for the difference is the subjects were 
wearing a 121-kg EVA suit that was offloaded to simulate lunar gravity. While, in fact, the 
subjects may have weighed less, the mass and inertia characteristics of the subject and suit re-
mained unchanged. This is much like a swimmer in the pool who “weighs” less, due to buoyant 
forces, but still has the same mass and inertial properties. The swimmer in water is still required 
to accelerate, decelerate, and translate the same mass, as if on dry land, despite the lower weight. 
Even with the offloaded weight, the suited subjects for IST-2 must still move the combined mass 
of the suit and their own mass while also compensating for the amount of resistance to change in 
velocity (eg, inertia). Hence, the subjects may have taken more frequent, shorter steps compared 
to those they would have taken in 1-g to compensate for the mass and inertia factors associated 
with suited conditions. 
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Figure 22. Average cadence for all subjects at different pressures during incline treadmill walking with 

constant suit mass (121 kg) at lunar gravity. 

 
Joint Kinematics 

Walking on an incline compared to walking on the horizontal can be distinguished by the 
following factors: the requirements to raise or lower the body’s center of mass (COM), vertical 
displacement during each stride, and foot clearance. The following paragraphs address these 
factors. 
 
First, it is important to define some of the terminology used to describe 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. This is not to be confused with 
an isolated joint range of motion (ROM). For example, an isolated hip flexion has a clearly defined 
starting and stopping point, namely the thigh segment moves from a neutral position of 0 deg, 
achieves some value of Θ, and returns to the neutral position of 0 deg (Figure 23 and Figure 24). 
However, during gait, given the dynamic nature of the movement, the subject may never achieve a 
neutral position. More specifically, gait is not a series of isolated movements; numerous 
concurrent actions are taking place during walking. 
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Figure 24 shows a theoretical plot of some joint angle x vs. time. In the first plot, the joint is 
flexing and extending but never crosses the neutral position of 0 deg. This is most often the case 
observed in laboratories, and is a direct result of the simultaneous flexion and extension of other 
joints during the motion. The second plot depicts the joint angle returning to the neutral position 
and extending beyond 0 deg, which is less commonly seen. Therefore, an 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). 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 23. Schematic of hip flexion and extension.     Figure 24. Theoretical plot of a joint angle vs. time. 

 
During the gait cycle, it is customary to call the onset of the stance phase heel strike, although 
the heel of a crew member within an EVA suit may never contact the ground or may do so much 
later in the cycle. Thus, to avoid this area of confusion, the generic term initial contact will be 
used to describe the instant at which the EVA boot just touches the floor. The joint positions at 
this time determine the limb’s loading response pattern. Conversely, at toe-off, an abrupt un-
loading of the limb occurs and the joint positions relate to the foot clearance of the floor and 
advancement of the limb. 
 
Numerous studies have demonstrated that the angle of incline is a factor influencing hip, knee, 
and ankle angles (10) (11) (12) (13). These studies concluded that 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. Hence, any decrease in ROM experienced by any of these lower 
joints must be accompanied by an increased ROM in the other joints to maintain the upper body 
center-of-mass orientation associated with the subject’s adopted gait pattern. 
 
Results from the inclined treadmill ambulation phase showed a general increase in the hip ROM 
as incline increased (Figure 25) for varying pressure conditions. 
 
The mean knee-joint kinematics were time-normalized over the gait cycle for all subjects at 
varying pressures; these are displayed in Figure 26. Due to the variability among subjects, the 
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only discernable trend is that, with increasing inclines, there was an increase in the knee-joint 
angle at initial contact. 
 

 
Figure 25. Mean hip angle vs. time normalized to the gait cycle for all subjects at different pressures during 

suited incline treadmill walking. 

 

 
Figure 26. Knee-joint kinematics for varying pressure conditions while walking at 10%, 20%, and 30% grades. 
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It was postulated that with increasing inclines of treadmill walking, there would be a change in 
the position of the knee angle at initial contact and toe-off. One of our hypotheses was that the 
knee-joint angle may change with the increasing demand for the foot to clear the floor and move 
the leg forward to prevent falling during ambulation at steeper grades. Thus, the average knee-
joint angle at initial contact and toe-off for each pressure was determined. Plotting the joint 
position data against incline on the independent axis revealed no observable trends for 
changing suit pressure (Figure 27). 
 

 
Figure 27. Knee initial contact (IC) and toe-off (TO) for all subjects at varying pressures during 

inclined treadmill walking. 

 
Averaged data across all subjects demonstrate that the initial contact knee angle increases and 
the toe-off knee angle decreases with increases in incline (Figure 28). However, the data should 
be taken generally as the calculated standard deviation varies as much as 16 deg. Since 10% 
incline is similar to level walking, it stands to reason that the knee angle at initial contact is less 
than that at toe-off because initial contact occurs when the knee is extending forward. When the 
incline increases to a 20% grade, the knee angle difference between initial contact and toe-off 
decreases as the subject has to place the foot higher on the incline. At 30% incline, the knee 
begins to bend more at initial contact and straightens more at toe-off to push the body upward. 
No discernable trends were observed across the varying pressure conditions. 
 
As the angle of incline increased, the ankle angle at initial contact increased for varying pressure 
conditions (Figure 29). 
 
Often not all data are intuitively represented with a 2-dimension plot, and much information is 
best revealed with 3-dimension techniques, including many results from this test. It is difficult to 
determine the relationship of pressure, incline, and a variable x with a 2-dimension plot. Thus, 
the three lower-extremity joint ROMs using 3-dimension plots were examined to determine the 
effects of pressure and incline. 
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Figure 28. Knee initial contact and toe-off averaged over all subjects at varying pressures during 

suited inclined treadmill walking. 

 

 
Figure 29. Ankle joint kinematics for varying suit pressures while walking at 10%, 20%, and 30% grades. 

 
Figure 30 shows the mean three lower-extremity joint ROMs vs. pressure and incline. With the 
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readily seen. The greatest hip ROM was observed at the highest incline with a low-pressure suit 
(Figure 30a). The knee-joint ROM for varying pressure is not as easily seen as with the hip ROM 
but there is still a clear trend that with a lower pressure suit and higher incline there was a greater 
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amount of knee ROM required (Figure 30b). The ankle joint ROM shows similar patterns as the 
hip and knee: with a high incline and a low pressure suit there is an increase in the joint ROM 
required to complete the task (Figure 30c). 
 

(a) (b) 
 

(c)  
Figure 30. A 3-dimensional visualization of the mean three lower-extremity joint ranges of motion vs. 

pressure and incline during suited incline treadmill ambulation. 

 
The joint kinematic results from this study showed that walking on an incline required greater 
hip, knee, and ankle ROMs with increasing surface inclines. This trend follows the logical esti-
mates of what should occur as the rise over run increases, requiring greater hip and knee flexion 
and ankle dorsiflexion as well as plantar flexion. Further, there is a “ridge” present for all three 
lower-extremity joint ROMs at 29.6 kPa. This finding suggests that this operating pressure may 
alter gait kinematics. Further study is warranted. These findings are relevant for all interested in 
determining the requirements for developing a suit for lunar sorties. These data have implications 
for suit designers in that a planetary exploration suit with designs structured similarly to the MKIII 
joints and patterned convolutes must be equipped to accommodate the three lower-extremity joint 
ROMs reported from this study. Further, results from this study demonstrate that a low-pressure 
suit will require increased joint ROM capabilities to perform incline locomotion tasks, especially 
in a soft joint. This finding may be different in a suit using primarily hard joints. 
 

10

20

30

6.920.729.634.544.8
14

16

18

20

22

24

26

28

30

Incline (%)

Pressure (kPa)

M
e

an
 H

ip
 R

O
M

 (
d

eg
)

10

20

30

6.9
20.7

29.634.5
44.8
16

18

20

22

24

26

Incline (%)

Pressure (kPa)

M
ea

n 
K

ne
e 

R
O

M
 (

d
eg

)

10

20

30

6.920.729.634.544.8
40

45

50

55

60

65

Incline (%)

Pressure (kPa)

M
ea

n
 A

nk
le

 R
O

M
 (

d
eg

)



 

33 
 

Additional Kinematic Measures 

Figure 31 depicts the waist-bearing cycles for all subjects at different pressures. 
 

 
Figure 31. Waist-bearing cycles for all subjects at different suit pressures during suited inclined 

treadmill ambulation. 

 
As demonstrated above, there appears to be an unclear relationship between waist cycles (pre-
sented as degrees per cycle) and varying suit pressures (Figure 31) during ambulation on a 
treadmill at varying gradients. Much like the GRF data, when waist-bearing data are presented in 
the traditional format of degrees per cycle, the data do not allow for any clear inferences or 
conclusions to be drawn due to the large variation in their spread. 
 
Another way to look at the waist-bearing data is the linear distance the bearing travels per gait 
cycle. The “ball race diameter” (ie, the ball center-line diameter) of the MKIII suit is 39.4 cm. 
The circumference of the circle was divided by 360 deg to obtain a conversion factor. This con-
version factor, multiplied by the waist-bearing cycles, yields the linear travel of the bearing for 
one cycle. The data represented in this format can quantify the total linear travel of the bearing 
and help quantify a major component causing wear to the bearing. 
 
Figure 32 represents the linear travel of the waist bearing per cycle for all subjects at different 
suit pressures during treadmill walking separated by 10%, 20%, and 30% inclines. This figure 
demonstrates that as pressure increased, there appears to be a general trend of decreased linear 
travel by the waist bearing. 
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Figure 32. Linear travel of the waist bearing for all subjects at different suit pressures during treadmill 

walking at 10%, 20%, and 30% grades. 

 
Several factors may contribute to the observed decrease in waist-bearing travel as pressure 
increases. One possible explanation is that the subject must change his gait kinematics to 
maintain CG to keep from falling down. This notion is supported by the increase in cadence 
(Figure 22) and the decrease in the lower-extremity joint ROM as pressure increases (Figure 30). 
As pressure increases, the subject was taking more frequent steps using less ROM to compensate 
for the increase in pressure. However, this phenomenon may be a result of the interaction be-
tween pressure and incline. Future tests are warranted to better understand this interaction. 
 
Phase portrait is a new technique applied to gait analysis to determine a qualitative picture of 
the organization of the neuromuscular system. It provides initial insight into the control mecha-
nisms of gait. The phase angle of the phase portrait trajectory is used to quantify the behavior of 
the neuromuscular system during gait (eg, the lower-extremity segments). The trajectories of the 
phase portrait are transformed from Cartesian to polar coordinates. The angle formed by the radius 
and the horizontal axis is the phase angle of the trajectory. This phase angle is used to calculate 
the relative phase that provides a measure of the interaction between (coordination of) the two seg-
ments during the gait cycle. The relative phase is determined by subtracting the phase angle of the 
proximal segment from that of the distal segment for each ith data point of the time-normalized 
gait cycle. Relative phase values approaching 0 deg suggest that the two oscillating segments are 
in phase, while relative phase angles approaching 180 deg are considered out of phase. A negative 
relative phase indicates that the proximal segment is ahead of the distal segment in phase space 
while a positive relative phase suggests that the distal segment is ahead of the proximal segment 
in phase space. To quantify differences between relative phase curves, the mean absolute relative 
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phase is used to determine whether the interacting segments display an in-phase or out-of-phase 
pattern during gait. 
 
The mean absolute relative phase for the knee-hip and ankle-knee segments is displayed in 
Figure 33. These data show that the knee and hip joints were more in phase for a suit with a 
pressure of 29.6 kPa, whereas the ankle and knee joints were more in phase with the 20.7-kPa 
suit pressure. However, the graphs also display the confidence level (via error bars) of the data. 
The error bars spanned a large range for all plots, suggesting a large amount of variability among 
subjects. Future tests, including more familiarization time and possibly even more control over 
the subjects’ gait, would reduce the variability observed in this test. 
 

(a) (b)
Figure 33. Mean absolute relative phase for the interacting segments of the hip and knee and the 

ankle and knee for suited location at all inclines. 

 
Exploration Task Results 

Examination of the exploration tasks showed little variation with different pressures, but this 
was not the case for the varied weight series. Overall results and discussion of the exploration 
task biomechanics findings can be found in Section 3.2.3 

3.2.2 Effect of varied mass (unsuited): metabolic rate findings 

Variation in added mass did not clearly affect metabolic rate for either incline walking or 
exploration tasks for unsuited testing. The most likely reason for this lack of variation was the 
small increments between varied mass conditions (11.3 kg). Although not proven, it would be 
expected that larger increments more similar to the variations seen with the varied weight testing 
would be expected to lead to more variation in metabolic rate, especially in weight-supporting and 
frequent change-of-direction activities such as ambulation and the rock transfer task. Future studies 
are planned that will use large incremental changes in mass in both unsuited and suited conditions 
to evaluate the effect on varied inertial mass. Figure 34 describes the lack of metabolic rate vari-
ation seen when mass was changed in 11.3-kg increments. Although there is a subtle trend for an 
increase in metabolic rate with increased mass at a constant weight, this trend was not significant. 
Figure 35 also shows the same lack of metabolic rate variation within the exploration tasks when 
mass was changed. 
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Figure 34. Metabolic rate vs. added mass during unsuited but weight-matched (121-kg) inclined 

ambulation at lunar gravity. 

 
Figure 35. Metabolic cost vs. added mass during unsuited but weight-matched (121-kg)  

exploration tasks at lunar gravity. 
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3.2.3 Effect of varied weight (suited and unsuited) 
Metabolic Findings 

Figure 36 shows the relationship between suited metabolic rate and treadmill incline at a constant 
mass but at different gravity levels leading to different total gravity-adjusted weights. Level data 
from IST-1 are also included (2). At 0% and 10% grade, the mean difference between the highest 
and the lowest weight conditions was 1.9 mL•kg-1•min-1and 3.5 mL•kg-1•min-1, respectively, neither 
exceeding our criteria for significance (>3.5 mL•kg-1•min-1). However, as the grade increased to 
20% and 30%, this difference increased to 8.7 and 17.0 mL•kg-1•min-1, respectively. 
 

 
Figure 36. Metabolic rate vs. grade for different gravity profiles during suited walking at lunar 

gravity with constant suit pressure (29.6 kPa). 

 
To more effectively see the effect of weight, Figure 37 plots metabolic rate vs. gravity level and 
TGAW. The slope for the 0% and 10% grade lines was minimal, indicating that weight alone had 
little effect at this slow walking speed. However, the slopes of the 20% and 30% plots were much 
more aggressive and indicate that wearing a heavier suit would require a higher metabolic rate on 
steeper slopes. Results of IST-1 showed similar results with speed, i.e., as speed increased, the 
metabolic rate increased to a greater extent with heavier weights (2). 
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Figure 37. Metabolic rate vs. gravity level during suited inclined ambulation at lunar gravity  

with a constant pressure (29.6 kPa). 

 
Figure 38 describes the effect of increased weight on unsuited inclined ambulation. In this figure, 
the trend for 10% and 20% was similar to the suited results, but 30% showed a less aggressive slope. 
 

 
Figure 38. Metabolic rate vs. total gravity adjusted weight during unsuited inclined  

ambulation at varied offloads. 

 
To pull the shirtsleeve and suited trends together, Figure 39 plots the data for four different 
conditions. Lunar shirtsleeve represents pure, unsuited performance on the moon; lunar suited 
represents suited performance; lunar shirtsleeve weight-matched represents the performance of 
an unsuited subject weighing the same as if that subject were wearing a suit; and the 1-g shirt-
sleeve, which represents Earth performance, is provided for reference only. The difference 
between the two lunar shirtsleeve conditions represents the metabolic cost associated with 
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increased weight only. The difference between the suited and shirtsleeve weight-matched con-
ditions accounts for the increased metabolic costs of the suit unrelated to weight; ie, factors such 
as mass, pressure, kinematic constraints, and different harnessing and offloading mechanics 
between suited and unsuited conditions. 
 

 
Figure 39. Metabolic rate for incline walking at different suited and unsuited conditions. 

 
The metabolic cost of weight increased with grade, as would be expected. However, the 
metabolic costs unrelated to weight decreased with increasing grade. In all of our previous 
studies on suited ambulation, the shirtsleeve weight-matched metabolic rate was always less 
than the suited metabolic rate at similar speeds, and the slope of the suited lines was always more 
aggressive (1) (2). For inclined ambulation, this was not always the case, as demonstrated by the 
convergence of the two lines at 30% grade. Although mean VO2 was still higher in the suited con-
dition, this was not the case for one of the five subjects. These findings indicate there was some 
compensation mechanism in place for suited incline locomotion allowing subjects to either re-
cover energy more effectively from the suit or get artificial assistance from the POGO system. 
We believe that it is primarily the latter. 
 
Normally when walking up an incline, the torso is shifted forward to compensate for the change 
in mechanics and help put the COM over the COP, allowing forward progression (see Figure 
40A). Theoretically, in a lunar environment this shifting of the COM would be exaggerated to 
allow for the same forward progression (see Figure 40B). However, what was observed in the 
POGO environment was just the opposite, with the subject’s trunk held upright while walking 
the incline (see Figure 40C). This posture while walking on an incline would not normally be 
possible without the POGO system supporting the subject. 
 
Unlike ambulation trends, which have generally indicated a lighter suit may offer better perform-
ance, we found heavier weights were often associated with lower metabolic rates during explora-
tion task performance. Figure 41 shows that the best performance (lowest metabolic rate) was 
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associated with the three heaviest weights and the worst performance was seen at the lightest 
weight. 

 

Figure 40. Postural differences for inclined walking among the 1-g environment, a  
predicted 1/6-g environment, and the POGO 1/6-g environment. 

 

 
Figure 41. Metabolic cost for exploration tasks at different gravity levels but constant  

pressure (29.6 kPa) and suit mass (121 kg). 

 
What is unclear from Figure 41 is whether the variation in metabolic cost occurred because the 
subjects were working at different metabolic rates and similar task completion times or at similar 
metabolic rates but different completion times, or whether some combination of both of those 
factors was true. Figure 42 and Figure 43 show where the variation in overall metabolic cost 
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originates, by differentiating between metabolic rate and time to completion. In these cases, the 
greater variation was seen in time to completion. Figure 44 shows similar information but uses 
metabolic rate and total rock mass shoveled over a 3-minute period instead of time. Similarly, 
the greater variation was seen in rock mass rather than average metabolic rate. 
 

 
Figure 42. Metabolic rate and time to completion for the busy board task at varied weights. 

 

 
Figure 43. Metabolic rate and time to completion for the rock transfer task at varied weights. 
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Figure 44. Metabolic rate and rock mass for the shoveling task at varied weights. 

 
Although there was some variation in average metabolic rate between different weight condi-
tions, the greater change occurred in either task completion time or mass of rock shoveled. In all 
three tasks, the average metabolic rate was below, and often well below, 50% of VO2pk. This 
finding seems to indicate that crew members are likely to choose to work at a comfortable inten-
sity level, and the time spent to complete the task will likely be the component that varies with 
differences in suit parameters. 
 
While variation in exploration task metabolic cost was clearly seen within the suited conditions, 
it was not apparent in the unsuited conditions. Results of all shirtsleeve conditions, including 
varied weight and varied mass, are summarized in Table 2. The only clear difference seen 
among all unsuited conditions was a lower metabolic cost for the rock transfer task during 1-g 
conditions (1.32 ± 0.37 L/task) as compared to the average of all reduced-gravity conditions 
(2.15 ± 0.39 L/task). For reduced-gravity conditions, the average metabolic cost for the rock 
transfer ranged from 2.03 ± 0.36 to 2.27 ± 0.30 L/task. The average busy board metabolic cost 
ranged from 0.82 ± 0.26 to 0.96 ± 0.60 L/task for all unsuited conditions. The average shoveling 
metabolic cost for all reduced-gravity conditions ranged from 22.8 ± 6.37 to 28.5 ± 13.88 mL/kg 
rock shoveled. 
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Table 2. Shirtsleeve Metabolic Cost of Exploration Tasks 

Unsuited Condition Average 
TGAW (lb) 

Busy Board 
(l/task) 

Rock Transfer 
(l/task) 

Shoveling 
(ml/kg rock) 

1-g baseline 180 0.87 ± 0.22 1.32 ± 0.37 24.19 ±  8.19 

0.17-g shirtsleeve baseline 30 0.83 ± 0.32 2.14 ± 0.36 28.53 ± 13.88 

0.12-g weight-matched 53 0.82 ± 0.26 2.17 ± 0.60 23.49 ±  8.17 

0.17-g weight-matched 76 0.90 ± 0.22 2.27 ± 0.30 22.78 ±  6.37 

+ 11.3 kg added mass 76 0.96 ± 0.59 2.10 ± 0.44 26.11 ± 11.59 

+ 22.7 kg added mass 76 0.84 ± 0.28 2.03 ± 0.34 26.64 ±  9.61 

+ 34.1 kg added mass 76 0.80 ± 0.21 2.20 ± 0.33 26.88 ±  9.51 

0.22-g weight-matched 98 0.92 ± 0.32 2.17 ± 0.42 23.88 ±  7.55 

 
The lack of variation in metabolic cost for exploration tasks among all shirtsleeve conditions 
was surprising. Normally, mass and weight notably affect performance. One possible reason for 
the similarity may be because the subjects had freedom to move their arms and legs as they norm-
ally do with only minor limitations due to the spreader bar and harness assembly. Subjects could 
move and use their arms and hands without having the potential kinematic constraints of the suit 
or gloves. This may suggest that if a suited subject had control and mobility similar to shirtsleeve 
conditions, suit factors such as weight and pressure might not make as much difference in perform-
ance as they currently do, although this remains just a theory because the actual reason of the lack 
of variation is not well understood. Another contrary explanation is that the gimbal/harness re-
stricted key movements such as pitch and roll in such a way that subjects were forced to use the 
same strategies and methods to complete the tasks independent of weight or mass, which might 
explain the differences seen in the rock transfer between 1-g and all other conditions. 
 
Subjective Findings 

Subjective findings showed similar trends to the metabolic rate for inclined treadmill walking. 
The general trend, as seen in Figure 45, was that RPE increased both as weight increased and as 
grade increased. Figure 46 shows that GCPS also followed a similar trend to RPE and metabolic 
rate with respect to increasing as weight increased, but that GCPS was not significantly changed 
by grade. Although individual results varied, most conditions, except for the highest grades at the 
higher gravity levels, had mean GCPS ratings of ≤ 4, indicating acceptable performance or 
better. 
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Figure 45. Rating of perceived exertion during incline walking for different gravity levels at a constant 
pressure (29.6 kPa) and suit mass (121 kg). 

 

 
Figure 46. Gravity compensation and performance scale during incline walking for different gravity levels  

or total gravity adjusted weights at a constant pressure (29.6 kPa) and suit mass (121 kg). 

 
For exploration tasks, there was little difference in RPE ratings for the shoveling task (Figure 
47). The average RPE rating was higher for the 0.12-g condition for both the busy board and the 
rock transfer task. There was little to no difference in the RPE for the other conditions evaluated 
for the busy board and rock transfer tasks. Figure 48 shows the average GCPS ratings for all 
exploration tasks. The primary finding was that the 0.12-g condition consistently had the highest 
GCPS ratings. Subjects consistently reported that they felt more stable as the gravity level 
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increased. The 0.17-g condition was only slightly higher than the three heaviest suit weights, 
which were approximately equal. 
 

 
Figure 47. Rating of perceived exertion during exploration tasks at different gravity levels  

at a constant pressure (29.6 kPa) and suit mass (121 kg). 

 

 

Figure 48. Gravity compensation and performance scale during exploration tasks at different gravity  
levels at a constant pressure (29.6 kPa) and suit mass (121 kg). 
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In addition to the measured subjective ratings, all subjects were asked to provide a rank order 
preference of the different weight conditions for both inclined walking and exploration tasks. For 
inclined walking, subjects preferred the 0.12-g and 0.17-g conditions equally as their favorite, 
followed by 0.22-g as a close third and then ranked the two highest gravities in fourth and fifth 
place. For exploration tasks, results showed two consistent trends. All subjects ranked the 0.22-g 
condition as their favorite, although one subject stated that 0.22-g and 0.17-g were tied as his fav-
orite. All subjects also ranked the 0.12-g condition in last place. The 0.27-g condition was always 
second or third, and 0.32-g was always third or fourth. The 0.17-g condition had the greatest 
range where it was tied for first with one subject, but also was distributed among second, third, 
and fourth place. It is important to note that several subjects stated that all conditions but the 
0.12-g condition were acceptable. 
 
Shirtsleeve RPE (Figure 49) and GCPS (Figure 50) ratings were similar to the metabolic rate 
showing little difference between reduced gravity and varied mass conditions. Mean RPE ratings 
at 1-g were the lowest for all three tasks, and GCPS ratings for 1-g are not shown because they 
rate a “2” by definition on the scale. 
 

 

Figure 49. Rating of perceived exertion for exploration tasks at all shirtsleeve conditions. 
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Figure 50. Gravity compensation and performance scale for all exploration tasks at all shirtsleeve conditions. 

 
Biomechanics Findings 
Treadmill results 
Kinetics 

Figure 51 shows the peak normalized GRF at different suit weights. With the heaviest suit 
weight, the body is loaded as much as 1.7 times BW. As with previous IST results, a trend of 
increasing peak GRF is observed with increases in suit weight. Additionally, general trends seen 
in these data demonstrate that subjects experienced peak GRF loads between 0.5 and 1.4 times 
BW, regardless of walking surface incline. 
 
Hence, by looking at the normalized GRF with respect to 1-g Earth mass, one can easily 
observe that by modulating suit weights (even minimally), the human musculoskeletal system 
will be exposed to impacts as much as 1.7 times the BW of the crew member with each step taken. 
Examining the GRF data with this normalization scheme can provide a useful tool for researchers 
and suit designers. The GRF analysis with this normalization scheme can be used to help quan-
tify the amount of loading applied to the musculoskeletal system during EVA locomotion. This 
information can be further used to develop an exercise protocol to complement the loading as a 
result of an EVA. 
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Figure 51. Peak vertical ground reaction force normalized to body weight for all subjects at  

varying suit weights during suited inclined treadmill walking. 

 
Temporo-spatial characteristics 

As incline increased, there was a general trend of increasing cadence (Figure 52). As weight was 
increased, there was no consistent trend seen with cadence. As stated previously, this may be 
entirely associated with the fact the subjects are still compensating for the inertia and mass of a 
121-kg suit; to date, no studies have characterized the effects of suited ambulation on cadence 
while walking up an incline. 
 
Joint Kinematics 

Results from the inclined treadmill ambulation phase showed a general increase in the hip angle 
as incline increased for varying suit weight (Figure 53) conditions. Likewise, the hip angle at IC 
contact and TO increase with increasing offload. The mean knee-joint kinematics, which were time-
normalized over the gait cycle for all subjects at varying suit weights, are displayed in Figure 54. 
Due to the variability among subjects, the only discernable trend was that with increasing inclines, 
there was an increase in the knee joint angle at IC. As weight increased, the effects of walking on 
an incline become more pronounced. The loading of the body is seen through the first peak and the 
swing phase is seen through the second peak. Unlike the rest of the gravity levels, the lowest 
gravity level has the peak knee flexion occurring near toe off. 
 
 

5 10 15 20 25 30 35
0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

G
R

F
 (

B
W

)

Incline (%)

 

 

0.12 g
0.17 g
0.22 g
0.27 g
0.32 g



 

49 
 

 
Figure 52. Average cadence for all subjects at different suit weights during suited inclined treadmill walking. 

 

 
Figure 53. Mean hip angle vs. time normalized to the gait cycle for all subjects at different suit weights during 

suited inclined treadmill walking. 
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Figure 54. Knee-joint kinematics for varying suit weight conditions during suited inclined treadmill walking. 

 
It was postulated that with increasing inclines of treadmill walking, there would be a change in 
the position of the knee angle at IC and TO. Plotting the joint position data against incline on the 
independent axis revealed no observable trends from changing suit weight (Figure 55). 
 

 
Figure 55. Knee initial contact and toe-off for all subjects at varying weights  

while walking at 10%, 20%, and 30% grades. 
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Figure 56 shows that as weight increases, the average initial contact angle of the knee increases. 
As only two subjects completed the 15% incline conditions, their data were not considered for 
the analysis. The increase could be that as weight and incline increased; the heavier weight must 
be compensated for to lessen the impact to the musculoskeletal system. Unlike the IC angles, the 
TO angles remained relatively unchanged as the weight increased. Therefore, one could assume 
that weight affected the IC knee angle but did not affect the TO knee angle. 
 

 
Figure 56. Knee initial contact and toe-off averaged over all subjects at varying weights  

while walking at 10%, 20%, and 30% grades. 

 
As the angle of incline increased, the ankle angle at IC increased for varying weight conditions 
(Figure 57). As mentioned previously, this was most likely resulted from the fact that subjects 
tended to hop or lope during this condition rather than walk. This type of gait would naturally 
require increased plantar flexion in the ankle joint to propel subjects upward and forward. 
 
Figure 58 shows the mean three lower-extremity joint ROM vs. weight and incline. With the 
data represented three-dimensionally, the effects of weight and incline on the joint ROM can be 
more readily seen. The greatest hip ROM was observed at the highest incline with a heavier suit 
(Figure 58a). Figure 58b demonstrates that a heavy suit and a high surface incline have the great-
est effect on knee joint ROM. The ankle joint ROM showed similar patterns to those of the hip 
and knee; ie, with a high incline, there was an increase in the joint ROM required to complete 
the task (Figure 58c). 
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Figure 57. Ankle joint kinematics for varying suit weights while walking at 10%, 15%, 20%, and 30% grades. 

 

(a) (b) 

 

 

(c) 
Figure 58. Three-dimensional visualization of the mean three lower-extremity joint  

ranges of motion vs. suit weight and incline. 
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The joint kinematic results from this study showed that walking on an incline requires greater 
hip, knee, and ankle ROMs with increasing surface inclines. This test also showed that the suit 
will require a greater ROM in knee and hip angles as the offload decreases. As the offload in-
creased to the 0.12-g level, the resulting “weight” of the subject was light enough that the subject 
had reduced dorsiflexion and plantar flexion compared to the other conditions. This was most 
likely a result of the reduced need for power generation in the ankle. Another finding was that 
there was the appearance of troughs at the 0.22-g offload for the hip and knee ROM and a ridge 
for the ankle ROM at the same offload. This suggests that at the 0.22-g offload, there may be 
some optimum offloading (eg, suit weight) that requires less hip and knee ROM. The results 
from this study demonstrate that a heavy suit similar in joint design to the MKIII will require 
increased joint ROM capabilities to perform incline locomotion tasks. 
 
Additional Kinematic Measures 

Figure 59 depicts the waist-bearing cycles for all subjects at different suit weights. Much like the 
GRF data, in which the waist-bearing data were presented in the traditional format of degrees per 
cycle, these data do not allow for any clear inferences or conclusions to be drawn due to the large 
variation in their spread. 
 

 
Figure 59. Waist-bearing cycles for all subjects at different gravities during treadmill walking  

at 10%, 15%, 20%, and 30% grades. 

 

Figure 60 shows the linear travel of the waist bearing per cycle for all subjects who completed 
the inclines at different suit weights during treadmill walking separated by 10%, 20%, and 30% 
inclines. This figure reveals that as suit weight and incline increased, there was a general increase 
in the linear travel of the waist bearing per cycle. This finding can be explained by the fact that a 
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greater demand was placed on the body to lift the foot up an incline to maintain the adopted gait 
pattern. The joint kinematic data demonstrate an increase in the hip and ankle joint ROM (Figure 
58) as suit weight and incline increased. However, with increased weight, an increased rotation of 
the waist must occur to help the subject achieve the necessary lower-extremity joint ROM to am-
bulate on the inclined surface. Therefore, it can be concluded that with increasing suit weight, 
the waist bearing will experience greater wear. 
 

 
Figure 60. Linear travel of the waist bearing for all subjects at different suit weights during  

suited inclined treadmill walking. 

 
As previously discussed, a phase portrait is a new technique applied to gait analysis to determine 
a qualitative picture of the organization of the neuromuscular system. The mean absolute relative 
phase for the knee-hip and ankle-knee segments is displayed in Figure 61.These data show that the 
knee and hip joints are more in phase for the heaviest condition at 0.32-g, and the ankle and knee 
joints are more in phase with heavier suits. However, again the graphs also display the confidence 
level (via error bars) of the data. The error bars span a large range for all plots, suggesting a large 
amount of variability among subjects. Future tests with more familiarization time and, possibly, 
even control over the subjects’ gait would reduce the variability observed in this test. Despite the 
large variability, it is interesting to note that both the knee-hip and ankle-knee interacting seg-
ments display more in-phase relationship with a heavier condition. This finding suggests 
wearing a heavier suit may be more stable and may be closer to walking on Earth. 
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(a) (b) 
Figure 61. Mean absolute relative phase for the interacting segments of the hip and knee and the ankle and 

knee at different suit weights during inclined treadmill walking. 

 
Exploration results 

For the exploration phase of this study, kinematic and kinetic data were collected for the rock 
pickup and shoveling tasks, and kinematic data only were collected for the kneel-and-recover 
task. The above information was used to perform specific analysis on each of these tasks, which 
are addressed in the following paragraphs. 
 
Strategy Analysis 
Rock pickup task 

When performing the rock pickup task, subjects approached and then stood on dual-force plat-
forms while attempting to maintain contact with the force platforms throughout the duration of 
the task. Subjects performed three trials using a “large rock” (5.5 kg), and a “small rock” (0.9 kg) 
for each of the various test conditions. 
 
This examination was performed in an attempt to provide a qualitative estimation of subject 
stability while performing the rock pickup task. Foot placement was observed for each trial with 
the goal of determining whether subjects were capable of maintaining consistent contact with the 
force platforms (ie, stable) throughout the duration of the trial performed (Figure 62). Unstable 
foot placement occurred when any notable loss of balance or movement control (caused by the 
POGO, suit, etc.) required a repositioning of the subjects’ feet to complete the trial. 
 
Figure 63 illustrates the concept of increasing stability with increasing weight across all subjects. 
As no trials at the 0.12-g condition elicited stable foot placement while performing the task, 75% 
of the rock pickup trials performed at the 0.32-g condition were observed as being performed 
with stable foot placement on the designated force platform configuration. A more stable foot 
placement throughout the trial suggests less extraneous effort expended by the subject to 
maintain balance when performing the task. 
 
Several different movement strategies were adopted by various subjects when performing the 
rock pickup task. Hand involvement (i.e., the hand used by the subject to pick up/set down the 
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rock) was of particular interest (Figure 63), as this was an integral part of the overall movement 
strategy employed by the subject, and may have had some influence on how the rest of the body 
coordinated movement production to perform the task. 

 

Figure 62. Percentage of trials with observed stable vs. unstable foot placement during rock pickup task. 
Subjects were rated on consistency of foot contact with force platforms. DNC (did not complete) Task: 

subject completely lost contact with force platforms, fell over, reported a gravity compensation and 
performance scale rating of 10, or used assistance (ie, leaned on nearby equipment) during the task. 

 

 
Figure 63. Hand involvement during large and small rock pickup tasks. 

 
As seen in Figure 63, subjects favored employing their left hand when performing both the large 
and small rock pickup tasks. These results are interesting in that only one of the six test subjects 
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was noted as being left-hand dominant. This suggests that either the novelty of the task as it was 
performed in the MKIII suit or the overall movement pattern adopted to complete the tasks played 
a large role in how subjects chose to incorporate their upper extremities. 
 
Given the difference in hand involvement when performing the rock pickup tasks, it is 
worthwhile to examine the interaction between the upper and lower extremities (ie, how the 
subjects coupled lower body movement with the reaching movement of the selected arm) during 
task performance. Analysis of this interaction (Figure 64) provides further insight into the overall 
movement pattern selected by the subjects when performing the rock pickup tasks. 

 
Figure 64. Interaction between upper and lower extremities when performing rock pickup tasks.  

Subjects either leaned to the left, leaned to the right, or bent straight down (not favoring either left or  
right side) when picking up the rock. 

 
Figure 64 illustrates the interaction between the selected upper extremity and the movement 
pattern adopted by the lower extremity when bending to pick up the rock. When the subjects 
picked up the rock with the left hand, the primary lower-extremity movement pattern adopted 
was a straight-down, squat-type motion that did not favor one side or the other (ie, leaning to left 
or right). However, in some instances, subjects picked up the rock with the left hand and also 
leaned to the left when bending down to complete the task. Picking up the rock with the right 
hand elicited a similar lower-extremity movement strategy; right hand involvement was 
coupled with leaning to the right. 
 
These trends in movement strategy provide insight into the subject’s preferred motion pattern(s) 
when performing a rock pickup task; however, it is unclear whether these preferences arise from 
movement constraints of the suit or from limitations in study design. The “rocks” were not located 
on the ground but were atop a large VacuMed (Ventura, Calif.) treadmill, approximately 50 cm 
above the surface of the force platforms. Additionally, subjects were instructed to stand on and 
maintain contact with the two force platforms, each with 46 × 51-cm surface dimensions. This 
likely resulted in movement modification by subjects to remain in contact with the force plat-
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forms while still effectively completing the task. Suit constraints may also have affected the 
subject’s ability to perform the task: coordination of movement of varying joint types (eg, scye, 
convolute) may have been a determining factor in the strategy selected. For instance, movement 
of the thigh bearings is more conducive to hip external rotation, a movement not readily accom-
plished when bending straight down. When subjects bent down, rotation of the thigh bearings 
caused outward rotation of their hips. This can be considered a characteristic of the suit that 
likely had some influence on the movement strategy selected. 
 
Based on this information, suit designs that included thigh bearings, such as those associated 
with the MKIII, must also include sufficient knee and ankle ROM. This would accommodate the 
movement patterns adopted as a result of the inclusion of these thigh bearings. If these suit joints 
do not allow for adequate ROMs, compensatory actions taken to modify movement strategy may 
adversely affect the crew member’s ability to efficiently complete nominal exploration tasks. 
 
Kneel-and-recovery task 

The kneel-and-recovery task was performed over level ground. Subjects were allowed to select 
their movement pattern when performing the task (ie, which knee contacts the ground). Subjects 
did not perform the kneel-and-recovery task on force platforms, as the limited surface dimen-
sions of the platforms did not allow subjects to perform a self-selected movement. 
 
Two major techniques were observed (Figure 65) when examining performance of the kneel-
and-recovery task: a controlled, deliberate movement when rising from a kneeling position (ie, 
“stand 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”). 

 

Figure 65. Comparison of two main strategies (“stand up” and “jump up”) with varying  
weighted conditions for the kneel-and-recover task. 

 
As seen in Figure 65, a clear difference exists between observed strategies at the lightest (0.12-g) 
and heaviest(0.32-g) weight conditions. At the 0.12-g condition, subjects were three times as likely 
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to adopt a “jump-up” movement strategy. This phenomenon may be a product of the amount of 
weight relief provided by the POGO system – the amount of weight offloaded by the system at 
this condition provided significantly more assistance to the subject when rising from a kneeling 
position. However, when offloaded to 0.32-g, subjects did not have as much assistance from the 
system, thus resulting in a much more deliberate movement pattern (ie, “stand up”). 
 
With the exception of the 0.17-g condition, a general trend is seen in employed movement 
technique as weight increases. With increasing weight, the percentage of the “jump-up” strategy 
decreases, while the percentage of “stand-up” trials increases. This suggests, as would be expected, 
that heavier ground weights translate into a more deliberate movement performed by the subject. 
It is likely that on the POGO system, a trade-off exists between the offloading amount and the 
amount of assistance available to the subject during movement production. Specifically, the great-
est resistance to downward movement occurred when subjects were at the greatest amount of 
offloading (ie, the lightest suit weight). Thus, when the subject begins the upward phase of the 
movement, the POGO pulled upward with greater force, facilitating the use of the “jump-up” 
strategy. Consider the POGO being loaded like a spring; the more it is pulled on (loaded), the 
greater the potential energy being stored. Once the spring is released, the potential energy is 
transferred into kinetic energy and the spring snaps back to its resting state. This is evidenced by 
the greater frequency of the “jump-up” strategy selected by subjects when offloaded to 0.12-g, 
and the increasing frequency of the “stand-up” strategy at the 0.22-g, 0.27-g, and 0.32-g off-
loading conditions. 
 
Examination of selected strategies for the 0.17-g condition reveals an inconsistency with the 
trend exhibited by the other considered offloading conditions. One possible explanation for this 
inconsistency may be attributed to the large number of trials performed at this weight condition, 
albeit at varying pressure conditions. Subjects performed the 0.17-g trials at operating pressures 
of 6.9 kPa (1.0 psi), 20.7 kPa (3.0 psi), and 29.6 kPa (4.3 psi) in addition to initially performing 
a familiarization run at 0.17-g with an operating pressure of 29.6 kPa. The higher volume of trials 
performed at this weight allowed for greater subject acclimation to the weight condition exper-
ienced when compared to other weighted conditions. 
 
The inconsistency of trend observed with the 0.17-g results for the kneel-and-recovery task 
warranted further investigation of this condition, namely at varying operating pressures (Figure 
66) 
 
Figure 66 demonstrates that a general trend of increased percentage of the “stand-up” strategy 
was observed with increased operating pressure. Conversely, a decrease in the percentage of the 
“jump-up” movement strategy was observed between the 20.7 and 29.6 kPa conditions. No differ-
ence in “jump-up” frequency was observed between the 6.9 and 20.7 kPa conditions. Observed 
trends may be attributed to the increased stiffness of the soft goods components of the suit, which 
is caused by the increase in operating pressure. This may have worked to hinder the subject’s 
ability to generate rapid movements, as the subject had to overcome the increased stiffness at 
various lower-extremity joints, resulting in more deliberate movement patterns not conducive 
to a forceful, dynamic upward jump from the kneeling position. 
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Figure 66. Percentage of “stand-up” and “jump-up” strategies across varying operating pressure conditions 

at the 121-kg weight condition for the kneel-and-recover task. 

Suit operating pressure may have an effect on movement strategy but further testing is 
warranted. Further analysis is needed due to the small sample size and the small increases 
observed on the kneel-and-recover strategy for varying pressure conditions. If this relationship is 
accurate there are implications for suit design, in that the more deliberate movement associated 
with higher operating pressures may have been the result of increased suit joint stiffness. This 
joint stiffness likely translated to subject difficulty in bending the convolutes associated with the 
knee joint. To address this, suit design strategies must account for the variance in joint mobility 
at different operating pressures and the impact this could have on movement selection patterns. 
 
Shoveling task 

Subjects performed the shoveling task while standing atop the aforementioned dual-force 
platform configuration. During this task, the subjects moved one shovelful of rocks from one bin 
to another while attempting to maintain consistent contact with the force platforms. Several move-
ment strategies were employed by test subjects when performing this task; this may be attribut-
able to the complex interaction between upper- and lower-extremity segments. 
 
As a result of this complex motion, whole-body coordination was required to perform the task 
effectively and efficiently. Coupling movement complexity with other test factors, such as varying 
weight (offloading) conditions and limited force platform dimensions on which to stand, may help 
provide insight into trends observed in movement strategies adopted by subjects during the 
shoveling task. 
 
In an effort to provide a qualitative estimation of the effects these factors have on task perform-
ance, consistency/stability of foot placement on the force platforms was observed throughout the 
trial duration (Figure 67). 
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Figure 67. Percentage of observed stable vs. unstable foot placement during shoveling task. Subjects were 
rated on consistency of foot contact with force platforms. DNC (did not complete) Task: subject completely 
lost contact with force platforms, fell over, reported a gravity compensation and performance scale rating of 

10, or used assistance (ie, leaned on nearby equipment) during the task. 

 
Figure 67 illustrates an increase in stability of foot placement with increasing weight across 
all subjects. This demonstrates that the amount of weight relief provided by the POGO system 
profoundly affects the subject’s ability to perform the complex shoveling task in an effective 
manner. This was further evidenced by the frequency of “DNC task” observations. Subjects had 
a more difficult time maintaining consistent contact with the force platforms while shoveling, often 
resulting in loss of balance, readjustment of foot placement, or general inability to complete the 
task. No discernable trends in foot placement stability were observed across varying operating 
pressures. 
 
In the case of the rock pickup task, subjects simply bent to pick up and replace a rock on a plat-
form. However, during the shoveling task, subjects were asked to perform a movement pattern 
that required a more involved coupling of upper- and lower-body segments while using a tool that 
necessitated coordination of both upper extremities. Hence, the shoveling task tended to require 
greater limb coordination and overall stability when compared to the rock pickup task. Perform-
ance of the shoveling task also induced a reaction force on the subject not experienced during the 
rock pickup task. The act of moving the shovel into the rock pile produced a reactive force on the 
shovel that translated back to the body, thus creating a condition of increased instability while the 
subject was attempting to maintain contact with the force platforms. This was exacerbated by lighter 
weight conditions (eg, 0.12-g and 0.17-g), as the POGO system provided a greater amount of off-
loading that acted to hinder the balance capabilities of the subjects during tasks. As seen in the 
kneel-and-recover task, lighter weights appeared to provide greater assistance to the movement 
produced. However, during a task that required greater stability during movement production, 
the assistance provided by this increased vertical offloading did not provide the subject with the 
ability to maintain balance when experiencing the reactive force of the shoveling movement. 
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Three exploration tasks were qualitatively analyzed to provide an initial, novel interpretation 
of movement strategies adopted by suited test subjects. When performing the rock pickup and 
shoveling tasks, foot placement was observed as more stable at higher weight conditions, sug-
gesting a positive relationship between suited weight and stability during task performance. 
During the kneel-and-recovery task, increases in operating pressure resulted in a change in 
selected strategy from a more rapid movement to a more controlled and deliberate movement. 
 
Analysis of movement strategies has provided direction for further analysis, including 
examination of the effects of movement strategy variance or modification on timed task 
performance, comparison of selected movement patterns and subjective ratings (ie, GCPS), and 
quantification of joint/bearing rotation and excursion during varying movement strategies and 
different weight and operating pressure conditions. These analyses of movement strategies dur-
ing various EVA exploration tasks will provide further input into the characterization of lunar 
and martian planetary exploration spacesuits. 
 
Center of Pressure 

Examination of the percentage of the COP outside of the BOS for the small rock pick up 
revealed a large amount of variability among subjects. Specifically, some subjects’ COP re-
mained within the BOS for an entire trial while others’ COP fell outside their BOS for up to 68% 
of the trial (Figure 68). Despite the variability among subjects, an important trend is readily 
obtained from this figure. At the heaviest suit weight condition, the percentage of COP outside 
the BOS was reduced appreciably. This finding suggests that a heavier suit was more ideal for 
picking up a small rock and reducing stability issues. 
 
However, numerous factors affect the position of the COP. The most notable is the person’s 
BOS. The smaller the BOS, the more likely the COP will fall outside the BOS when performing 
specific tasks (i.e., rock pickups), which will ultimately result in either the necessity to adjust the 
BOS or falling down. Other factors include, but are not limited to: suit weight, suited CG, exper-
ience in the MKIII, muscle strength and endurance, and inertial effects of the POGO. A combi-
nation of any or all of these factors will influence the results. 
 
Both the large rock pickup task (Figure 69) and the shoveling task (Figure 70) exhibited trends 
similar to those seen with the small rock pickup task, with the exception of one outlier subject for 
the shoveling task. It is interesting to note that there is a convergence towards a smaller percent-
age of the COP outside the BOS with a heavier suit. Once again, these findings support the 
notion that a heavier suit may be more optimal for performing selected EVA tasks. 
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Figure 68. Percentage of center of pressure outside the base of support for the small rock pickup task for all 

trials for all subjects. 

 

 
Figure 69. Percentage of center of pressure outside the base of support for the large rock pickup task for all 

trials for all subjects. 
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Figure 70. Percentage of center of pressure outside the base of support for the shoveling task for all trials for 

all subjects. 

 
The COP analysis revealed that a heavier suit may be optimal for performing exploration-type 
activities. However, as mentioned above, many factors influence the position of the COP. Despite 
these limitations it is still exciting to realize there was a general trend that suggests a heavier suit 
may provide more stability. 
 
NASA Task Load Index 

For the treadmill activities, all suited subjects reported effort and physical demand as the two 
primary contributors to workload. For the unsuited treadmill activities, five subjects reported 
physical demand as a primary contributor to workload, four subjects effort, and two subjects 
performance as one of the contributors to workload. 
 
For the suited exploration activities, four of the subjects reported physical demand as a primary 
contributor to workload, three performance, one mental demand, four effort, and one frustration. 
For the unsuited exploration activities, four reported performance as the primary contributor to 
workload, two frustration, one temporal demand, one mental demand, and three effort. 
 
The workload scores, which were averaged for each condition, are presented in Table 3 and 
Table 4. 
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Table 3. Average Workload Scores for Suited Conditions 

Suited Condition Task Type 

Gravity Pressure (kPa) 
Exploration 

Tasks 
Incline 

Walking 

0.12-g 29.6 50.2 30.5 

0.17-g 

6.9 42.2 32.4 

20.5 42.2 37.7 

29.6 45.5 48.9 

34.5 Did Not Test 35.1 

44.8 Did Not Test 38.2 

0.22-g 

29.6 

40.2 45.7 

0.27-g 39.7 52.1 

0.32-g 41.9 61.9 

Suited Average 43.1 42.5 

 
Table 4. Average Workload for Unsuited Conditions 

Unsuited Condition Task Type 

Name 
Average 

TGAW (lb) 
Exploration 

Tasks 
Incline 

Walking 

1-g baseline 180 20.8 36.5 

0.17-g shirtsleeve baseline 30 32.1 28.1 

0.12-g weight-matched 53 31.3 28.9 

0.17-g weight-matched 76 21.3 30.4 

+ 11.3 kg added mass 76 22.7 30.0 

+ 22.7 kg added mass 76 22.3 32.3 

+ 34.1 kg added mass 76 25.5 39.0 

0.22-g weight-matched 98 18.0 27.8 

Unsuited Average 24.2 31.6 

 
IST-2 was a physically demanding series of test conditions and activities with no time limit, 
so the investigators expected participants to rate the physical demand of the tasks and the effort 
involved to complete them higher than the other factors that contribute to overall workload. The 
average workload scores were lower for unsuited activities (24.2 exploration, 31.6 treadmill) than 
for suited activities (43.1 exploration, 42.5 treadmill). The perceived workload was within the low 
to moderate range (0 to 30 low workload, 30 to 60 moderate workload, 60 to 100 high workload) 
with only one condition (4.3 psi, 0.32-g) for treadmill tasks having a high perceived workload 
(61.9). 

3.3 Test Objective 3: Compare MKIII at POGO Configuration to the MKIII at 
POGO Configuration with the Waist Bearing Locked 

To evaluate the effect of the waist bearing on performing the specified tasks, it was locked out 
(preventing the subjects from being able to rotate left and right at the waist location specifically). 
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This was done only at the POGO configuration of 121 kg, 29.6 kPa (4.3 psi), and 1/6-g. The data 
in Table 5 indicate that locking the waist bearing did not increase the metabolic cost or subjective 
ratings during exploration tasks. Rather, the trend was quite the opposite, as the waist-locked 
condition often had a lower metabolic cost and lower subjective ratings. 
 

Table 5. Nominal vs. Waist-locked Configuration at 121-kg Suit Mass and 29.6 kPa 

Exploration 
Task 

Metabolic Cost RPE GCPS 

Nominal Waist-locked Nominal Waist-locked Nominal Waist-locked 

Rock Transfer 
4.0 ± 0.1 

L/task 
3.9 ± 0.6 

L/task 
11.8 ± 1.2 11.7 ± 0.8 4.5 ± 1.1 4.5 ± 1.2 

Busy Board 
2.4 ± 0.6 

L/task 
2.1 ± 0.4 

L/task 
10.8 ± 1.9 10.5 ± 1.4 4.0 ± 0.9 3.7 ± 1.0 

Shoveling 
57.5 ± 9.3 

mL/kg rock 
49.6 ± 12.0 
mL/kg rock 

13.5 ± 1.5 13.3 ± 1.2 5.2 ± 1.4 4.5 ± 1.0 

 

One possible explanation for the slightly better results seen with the waist-locked condition 
could be due to the sequencing of trials. All subjects completed a full familiarization run through 
the whole exploration task course at the nominal configuration. They then repeated all exploration 
tasks in the nominal configuration in a later trial. Because the waist-locked configuration was not 
a primary objective, it was always completed last as the ninth trial of the session. By that time, all 
subjects had significant practice and familiarization with all of the tasks. Therefore, although the 
data indicated that the waist-locked condition might have been better, the order of trials completed 
was likely a significant reason for that finding. If the waist-locked condition was part of the bal-
anced trial order, we may have seen different results. To demonstrate this learning effect, the 
metabolic rates for the familiarization trial at nominal configuration (performed first), the actual 
nominal configuration trial (performed second through fourth), and the waist-locked config-
uration trial (performed ninth) are shown in Table 6. 

 
Table 6. Learning Effect for Exploration Task Metabolic Rate 

Exploration Task Familiarization Trial Actual Trial Waist-locked Trial 
Busy Board  

(L/task) 3.5 ± 1.0 2.4 ± 0.6 2.1 ± 0.4 

Rock Transfer (L/task) 4.7 ± 1.1 4.0 ± 0.1 3.9 ± 0.6 

Shoveling  
(mL/kg rock) 83.3 ± 42.0 57.5 ± 9.3 49.6 ± 12.0 

 
A big performance improvement was noted between the familiarization and actual trials at the 
nominal configuration. Subjects reported they needed a complete run through of the exploration 
task course before they understood how to complete the tasks in the suit. Subjects also thought 
their performance improved with experience. While the vast majority of improvement occurred 
between the familiarization trial and the first actual testing run, some improvement was witnessed 
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as subjects completed each configuration trial. Balancing the varied pressure and varied weight 
trials reduced this effect in those data sets, but the waist-lock trial always occurred last, so 
subjects were completely familiarized with the tasks, likely improving performance. 
 
Neither the strategy analysis data nor the COP analysis supported the metabolic findings that the 
waist locked condition improved performance. Comparison of the strategy analysis data waist 
unlocked to waist locked conditions showed that locking the waist affected the foot stability 
while picking up both the large and small rocks (Figure 71). As seen in Figure 72, subjects still 
favored using the left hand when performing both the large and small rock pickup tasks even 
with the waist bearing locked. 
 
Figure 73 and Figure 74 demonstrate that for almost all subjects and instances for both the small 
and large rock pickup tasks, locking the waist bearing decreased the stability of the subjects. The 
percentage outside the BOS for almost all subjects increased as a result of locking the waist bear-
ing. This most likely suggests that locking the waist bearing decreases the stability of subjects 
while performing both a small and a large rock pickup. One explanation of this finding could be 
that the subjects were instinctively using the suit in a new way to achieve the ROM required to 
complete the task. In this case, specifically it was possible that the subjects achieved the required 
ROM by increasing their use of the three-bearing hip/brief to make up for the absense of rotation 
at the waist. 
 

 
Figure 71. Percentage of performed trials for the rock pickup task, including both small and large for 

all subjects. 
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Figure 72. Hand involvement for the rock pickup task comparing waist locked to waist unlocked for 
all subjects. 

 

 

Figure 73. Average percent center of pressure outside the base of support comparing waist locked to waist 
unlocked for all subjects for the small rock pickup task. 
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Figure 74. Average percent center of pressure outside the base of support comparing waist locked to waist 

unlocked for all subjects for the large rock pickup task. 

3.4 Test Objective 4: Predictive Models of Metabolic Rates, Subjective 
Assessments, and Suit Kinematics 

Test Objective 3 was “to develop predictive models of metabolic rates, subjective assessments, 
and suit kinematics based on measurable suit, task, and subject parameters.” 

3.4.1 Predictive models for metabolic rate 

Descriptive statistics were used to characterize the metabolic and human performance variables 
at all conditions. 
 
A preliminary multiple linear regression model was developed to predict the metabolic rate 
of incline locomotion in the MKIII suit as a function of the properties of the suit, the anthro-
pometry of the subject, and task properties such as the speed and grade of locomotion. Models 
were attempted for the exploration tasks, but the lack of steady-state metabolic rates and a signif-
icant number of observations prevented development of effective regression models. Inferential 
statistics were not calculated due to the small sample size (n = 6). Additionally, these statistical 
results should be considered exploratory, ie, only demonstrating the types of tools that could be 
developed to optimize spacesuit design or consumable usage. Additional data and analyses will 
be required to improve the predictive accuracy and overall scope of these model equations. 
 
The method of maximum likelihood was used to estimate the parameters (b0 – b5) from the 
experiment data. Predictor variables used in the model were chosen: (a) to produce as good a fit 
as possible using, at most, five terms including interaction terms; and (b) to contain reasonable 
physiological explanatory information. Future tests would use these input variables to predict 
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outcomes and then complete the tasks to see how closely predictions compared to actual values. 
This also will help narrow the range of useful predictive input variables. Input variables and 
equations used to predict metabolic rate for incline walking are summarized below. 
 
Input variables to predict the metabolic rate for incline walking included speed, grade, suit 
pressure, suit weight, and subject shank length and shoulder width. The inclusion of each var-
iable was due to the statistical improvement in the model; therefore certain parameters, such as 
shank length or shoulder width, do not have a well-understood scientific rationale for inclusion. 
The preliminary model, shown in equation (1), uses the following combination of variables to 
predict absolute metabolic rates during incline locomotion in the MKIII suit: 
 
 MR = b0 + b1·(Vlocomotion×Glocomotion) + b2· Lshank + b3·(Lshoulder) + b4·Psuit + b5·Msuit (1)  
  
where MR = metabolic rate expressed as absolute VO2 (l·min-1) 
 Vlocomotion = locomotion speed (m•s-1) 
 Glocomotion = locomotion grade (%) 
 Lshank = shank length of unsuited astronaut (cm) 
 Lshoulder = shoulder width of unsuited astronaut (cm) 
 Psuit = suit pressure (kPa) 
 Msuit = suit mass (kg) 
 
The proportion of variance explained by the preliminary model (pseudo R2) was 0.668. Pseudo 
R2 is the best estimate of variance because mixed modeling statistical models cannot calculate a 
traditional R2. Figure 75 plots the model-predicted metabolic rate against the actual measured 
metabolic rates. The yellow trend line is shown as a reference point for a perfect fit with an R2 = 
1. In most cases, the residuals were ± 0.30 L•min-1, indicating that most of the predictions fell 
below the level of practical significant difference and were within an acceptable range. 
 
These models should not be generalized beyond the conditions under which the data were 
collected. Descriptive statistics for the six astronaut subjects are shown in Table 1. The range 
of experimental suit conditions is shown in Table 7. Speeds used for this testing ranged from 
0.56 to 0.97 m•s-1, and inclines ranged from 0% to 30%. Further data collection, planned in 
forthcoming suit test protocols, combined with detailed analysis of biomechanical data will 
enable development of the model such that it may be generalized to a larger range of suit 
configurations and astronaut anthropometries. 
 
The application of these models is currently task specific and limited to the subjects and con-
ditions described in Table 1 and Table 7. Currently, this model is a statistically descriptive fit for 
the IST-2 data, but plans to develop a mechanistic model biomechanics model, whose parameters 
can be optimized from a range of suit test data, that will result in a generalized predictive model 
are in work. Further expansion of this model will include incline walking and various exploration 
tasks as these activities have different subject-suit interactions. 
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Figure 75. Model-predicted metabolic rate for suited incline ambulation vs. actual data. 

 

Table 7. Range of Experimental Conditions on which the Preliminary Model Is Based 

  Psuit         

Gravity Total Gravity 6.9 kPa 20.7 kPa 29.6 kPa 34.5 kPa 44.8 kPa 

Level Adjusted Weight (1.0 psi) (3.0 psi) (4.3 psi) (5.0 psi) (6.5 psi) 

0.12-g 222-245 N 
50-55 lb 

  X   

0.17-g 307-343 N 
69-77 lb 

X X X X X 

0.22-g 405-449 N 
91-101 lb 

  X   

0.27-g 498-552 N 
112-124 lb 

  X   

0.32-g 592-654 N 
133-147 lb 

  X   

 
Given the limitations of this model, it is still important to recognize the utility of a predictive 
model of metabolic rate as this model may one day provide the ability to evaluate how EVA 
system configuration changes affect human performance and consumables without the need for 
additional testing. With increased data, the quality of these models should only improve. 
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3.4.2 Predictive model for metabolic rate based on subjective ratings 

Previous models focused on crew anthropometrics, suit factors, environmental conditions, and 
type of task. For these models, we focused on predicting VO2 from a subject’s GCPS and RPE, 
and on whether or not the subject was suited for the task (Suit). Mixed-effect regression analysis 
was used to model VO2 from RPE, Suit, and GCPS scores, including a subject-level grouping to 
accommodate for the dependence in the data (ie, repeated observations within subjects), and a ran-
dom intercept term to allow subjects to vary arbitrarily on the y-intercept of the model. Model 
residuals appeared normally distributed with constant variance over the range of the outcomes, 
suggesting that the data are appropriately analyzed with these techniques. 

Ambulation 

The model revealed that only RPE made significant variance contributions to VO2 in this multi-
variate context (P < .05). In this data set, both Suit and GCPS were not statistically significant 
components of the model, but were included because they increased the overall predictive accu-
racy of the model and had been significant components in similar models constructed. All factors 
were positively correlated with VO2. Model-predicted and -observed VO2 values are shown in 
Figure 76. Variation in VO2 seen per unit of RPE was not fully characterized by the model, but, 
rather, model-predicted values clustered around the mean. 

 
Figure 76. Inclined ambulation model-predicted VO2 (red) and observed VO2 (blue) with respect to 

rating of perceived exertion. 

 
Exploration Tasks 

The model revealed that two of three predictors made significant variance contributions to VO2 
in this multivariate context (P < .05), with the highest relative contribution observed for the RPE 
predictor. In this data set, although GCPS was not a statistically significant component of the mod-
el, it was included because it increased the overall predictive accuracy of the model and had been 
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a significant component in similar models. All factors were positively correlated with VO2. 
Model-predicted and -observed VO2 values are shown in Figure 77. Variation in VO2 seen per 
unit of RPE is partially characterized by the model, but model-predicted values still cluster 
primarily around the mean. 

 
Figure 77. Exploration task model-predicted VO2 (red) and observed VO2 (blue) with respect to 

rating of perceived exertion. 

 
While these effects are statistically significant to traditionally held scientific standards, the reader 
is reminded 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 the task tested until these 
results can be replicated in future work. 

3.4.3 Predictive model for suit kinematics 

Predictive models also may be developed to predict the number of joint cycles and/or joint 
displacements across the ankle, knee, hip, and waist in the MKIII suit as a function of the prop-
erties of the suit, anthropometry of the subject, and type of task. These models will be developed 
as an example of the type of predictive model that can be developed and refined in greater detail 
as additional data are collected and analyzed to determine the number of cycles on any joint of 
the suit. These analysis tools will be effective for developing suit cycle requirements, and will 
provide significant cost savings during suit certification compared to the conventional methods 
of manual video tape review. 

3.5 Secondary Test Objectives 
3.5.1 Define standard measures and protocols for evaluating exploration suits and 

requirements verification 

The protocols, instrumentation, and analysis techniques developed and applied for this test will 
be available for future testing of prototype exploration suits. The body of knowledge concerning 

5
1

0
1

5
2

0
2

5

5 10 15 20 5 10 15 20

Unsuited Suited

vo2_exp Predicted VO2

Modeled VO2 in Exploration Tasks

RPE

Graphs by Suit (0-no, 1-yes)



 

74 
 

how to conduct both suited and unsuited testing on the POGO has been greatly expanded. Tech-
niques never before used in biomechanical analysis are being applied to suited models. By refining 
data-collection techniques and developing an understanding of the factors that affect human per-
formance in the suit and reduced gravity, we will be able to combine these objective measurements 
with crew subjective comments to assess the performance of future exploration suits. 

3.5.2 Understand the specific human performance limitations of a suit compared to 
matched shirtsleeve controls 

Some of the limitations of comparing human performance data in the suit to matched shirtsleeve 
controls were discussed in Section 3.1. To recap, many differences exist between the suited and the 
shirtsleeve test conditions present in this study. Some of these differences (eg, weight, mass, pres-
sure, suit fit, and kinematic constraints) will always be present and are specific to the suit tested. 
While these are the primary factors of interest in understanding suited human performance, there 
were other factors that contributed to the differences between suited and shirtsleeve performance 
that need to be discussed. 
 
Factors such as task familiarization, suit familiarization, and fatigue were also present and can 
be better controlled through balancing the test order and allowing increased familiarization time. 
Other factors were specific to the use of the POGO, including human/system interactions and dif-
ferences in the suspension methods for suited and unsuited subjects. To have improved confidence 
in this type of data comparison in future, an improved gimbal support system that suspends suited 
and unsuited subjects in the same way is required. Finally, there were differences in the metabolic 
data collection systems used in suited and unsuited conditions. We recommend that the suited 
metabolic data collection system measure O2 consumption directly rather than infer VO2 from 
CO2 production. Limitations of the overall study will be discussed in Section 3.6. 
 
Metrics for comparing suited reduced-gravity performance to Earth shirtsleeve performance 
include the ESSPI and GCPS. The assumption behind both of these metrics is that Earth shirt-
sleeve performance or better is the target for ideal suited human performance in reduced gravity. 
This may or may not actually be achievable, but it provides a novel method of characterizing suited 
human performance data based on a relative comparison. GCPS was previously described in the 
subjective findings relevant to Sections 3.2 through 3.4. 
 
Figure 78 and Figure 79 demonstrate the ESSPI, defined in Section 2.6.3, as it relates to suited 
exploration tasks and incline locomotion at lunar gravity with the MKIII POGO configuration of 
121 kg and 29.6 kPa (4.3 psi). Explorations tasks required a metabolic rate approximately three 
times greater than the 1-g shirtsleeve baseline, clearly indicating that being in the MKIII on the 
POGO at 1/6-g significantly alters exploration task metabolic rate. For inclined locomotion, we 
see the opposite; the ESSPI was 1.0 ± 0.2, 0.8 ± 0.2, and 0.6 ± 0.1 for 10%, 20%, and 30% grade, 
respectively, indicating that suited performance improves as percentage grade increased. However, 
these data might be misleading because we know the POGO system exerts a large degree of in-
fluence on suited performance for certain conditions, especially for inclined ambulation. Further 
study with an improved offload system is needed for both ambulation and exploration task per-
formance before specific recommendations to improve human performance can be made. 
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Figure 78. Earth Shirtsleeve Performance Index for suited exploration tasks at lunar gravity with MKIII at 
POGO configuration (121-kg suit mass at 29.6 kPa). 

 
Figure 79. Earth Shirtsleeve Performance Index for suited inclined walking at lunar gravity with MKIII at 

POGO configuration (121-kg suit mass at 29.6 kPa). 

 
The load carry task was an additional task that was only completed in two different config-
urations: [1] suited at lunar gravity with the POGO configuration (29.6 kPa, 121-kg suit mass) 
and [2] shirtsleeve at lunar gravity. Figure 80 shows performance differences between suited and 
unsuited performance of the task in lunar gravity, with suited metabolic rates always higher than 
the shirtsleeve metabolic rates; but, as described in previous sections, the applicability of the 
suited-to-shirtsleeve data comparison is limited for this test. As load increased, metabolic rate 

0

1

2

3

4

5

6

Busy Board Rock Transfer Shoveling

ES
SP

I

Equivalent to 1-g Shirtsleeve Performance

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0% 5% 10% 15% 20% 25% 30% 35%

ES
SP

I

% Grade

Equivalent to 1-g 
Shirtsleeve Performance



 

76 
 

also increased in both conditions. The average difference between suited and unsuited metabolic 
rate was 7.2, 7.1, and 10.0 mL•kg-1•min-1 for the 10-, 20-, and 30-lb. load-carry tasks, respective-
ly. This difference in suited to unsuited metabolic rate was consistent with previous data for 
ambulation in the POGO configuration, indicating that carrying a load does not increase the 
metabolic differences much more than ambulation alone. 

 
Figure 80. Metabolic rate vs. load carried both suited (POGO configuration) and shirtsleeve  

at lunar gravity (n = 5). 

 
 
Finally, an understanding of how a subject moves differently inside 
and outside of a suit is an important and yet quite difficult question 
to answer. Understanding these differences is one of the keys to un-
derstanding how a suit affects human performance. A difficulty with 
this type of analysis is that there is no objective measure of suit fit, 
so while one subject might have a fair amount of travel within the 
suit before the suit actually moves, another subject might travel very 
little within the suit. Some of the difficulties with quantifying the 
kinematic constraints the suit imposes on human movement include 
differences between the human kinematics and the suit kinematics 
due to free space within the suit (Figure 81), differences between 
the constant-volume suit joints/break points and the human joint 
locations, and the fact that suit joint programming does not 
necessarily mimic human joint movement. A clear understanding of 
suit fit is necessary to accurately characterize human performance 
differences between suited and unsuited subjects in future studies. 
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3.5.3 Collect metabolic and ground reaction force data to develop an extravehicular 
activity simulator for use on future prebreathe protocol verification tests 

Data from this study and other studies of EVA and human performance in reduced gravity will 
be used within the Space and Life Sciences directorate at JSC for to develop an EVA simulator 
for use in verifying prebreathe protocols. Four factors primarily affect the risk of decompression 
sickness: environmental pressure, time at reduced pressure, prebreathe time, and level of activity 
(14). Preliminary evidence suggests that a defined level of activity using VO2 may be more signif-
icant than previously thought (15); thus, having an accurate and realistic simulation of EVA 
activities will help verify current and new prebreathe protocols. In addition to metabolic rate, 
GRF is also considered to be an important factor that an EVA simulator should control (16). 
Results of this study expand the dataset beyond level ambulation and encompass a more 
representative battery of EVA-type tasks. 

3.5.4 Provide data to estimate consumables usage for input to suit and Portable 
Life Support System design 

EPSP provided data from this test (accompanied by the critical assumptions and limitations 
outlined throughout this report) to the suit and PLSS design teams. In addition to the efforts of 
the hardware design teams, EPSP intends to condense these data into one or more user-friendly 
tools through the development of a comprehensive model that would allow the user to alter crew, 
suit, and EVA activity “input” parameters and predict the effect each variable change would have 
on consumables usage, joint displacement, and/or the crew member subjective ratings. Eventual 
development and refinement of these models and the resulting tool(s) depends on repeating key 
test parameters and increasing the amount of data by conducting more tests with more EVA-
related tasks, more subjects, and different suit designs and in different lunar analog 
environments. 

3.5.5 Assess the cardiovascular and resistance exercise associated with 
partial-gravity extravehicular activity for planning appropriate exploration 
exercise countermeasures 

To what extent lunar gravity and lunar EVA will provide a countermeasure to the deconditioning 
of a crew member’s muscular, cardiovascular, and bone systems is poorly understood. Much has 
been learned through previous microgravity research on the development of effective exercise 
and non-exercise countermeasures, but to what extent these lessons learned will be applicable in 
the lunar architecture is unknown. EPSP intends to use data from this and future studies in this 
test series as the basis for the development of an EVA simulator that will not only allow for the 
verification of prebreathe trials, but will also allow for lunar bedrest studies and longitudinal 
human system modeling. 

3.6 Study Limitations 

Any study using a reduced-gravity analog will have limitations. An ultimate goal of these 
studies is to perform the same activities across different reduced-gravity analogs to determine 
their strengths and weaknesses. 
 
Currently, the usability of POGO as a partial-gravity analog environment for the purpose of 
conducting human research studies that require control over each specific test variable (as op-
posed to simply having the subjective feel of being in a reduced-gravity environment, as might 
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be required for crew training purposes) is limited. Presently, these limitations have caused unre-
solvable issues in the resulting data set that, to fully understand, will require further testing with 
improved hardware and study designs. A primary limitation of the current data set is the inability 
to compare the shirtsleeve results to suited results for the purpose of objectively quantifying the 
effects of wearing a suit, as was originally intended. For example, the estimates of the metabolic 
cost of the suit in Section 3.1 were based on the assumption that metabolic data across suited and 
unsuited conditions could be directly compared. Although subjects could conduct identical tasks 
with identical magnitudes of offloading while on the POGO, suspension methods between the 
suited and unsuited test conditions were very different, both in design and in their effects on the 
natural movement of the test subject. As a result, the effect of wearing the suit could not be prop-
erly isolated from the effects of all the other test system variables, thereby severely limiting the 
applicability of a shirtsleeve-to-suited comparison with the current data set. In addition, the equip-
ment used to collect the metabolic data differed between suited and unsuited test conditions. 
Therefore, the test team has recognized that to improve our confidence in this type of comparison 
in future studies, an improved gimbal support system that will suspend suited and unsuited subjects 
in a similar manner and improvements to the suited metabolic data collection system (to measure 
O2 consumption directly rather than inferring VO2 from CO2 production) are required. 
 
To date, only one suit concept, the MKIII, has been tested during the IST series using the POGO. 
Therefore, generalization beyond the MKIII cannot safely be done. Testing of another suit design 
concept is required to determine which results are suit-specific and which are more generic to 
being in a suit. 
 
During varied-weight testing, the weight (offload) was varied but not the mass. All suited varied 
weights occurred at a suit mass of 121 kg. It is unknown whether simulating a change in mass by 
simply changing the TGAW is an accurate simulation when needing to collect research-quality 
metabolic, subjective, and biomechanical data. Without concurrently adding the mass needed to 
achieve the same TGAW at 1/6-g or separately characterizing the effects of varied mass, the re-
sults of the varied-weight section cannot be assumed to fully reflect the effects of varied mass on 
suited human performance. 
 
The 30% incline was not attempted by all subjects. As discussed earlier, we expected the 30% 
incline to be too difficult for the heavier-suited conditions and initially proposed completing the 
task at 10%, 15%, and 20% instead of 10%, 20%, and 30%. After testing two subjects, it was clear 
that these subjects could have completed the 30% trials, and the test points were adjusted for the 
final four subjects. This change to the test plan prevented full characterization of the 30% grade 
at heavier weights since only four of six subjects completed this condition. 
 
The addition of different tasks beyond ambulation demonstrated previously unknown limitations 
of the POGO gimbal system. Tasks such as rock pickup, shoveling, and kneel and recover produced 
comments indicating that subjects were compensating not just for the suit but for POGO gimbal 
interactions that compromised performance. Part of these interactions is due to the complex inter-
action between the system CG (subject + suit + gimbal) and two competing sources of support: 
[1] the subject’s standard base of support (ie, feet) and [2] the POGO’s overhead suspension lift 
vector. To understand how these interactions affect performance, these tasks will be cross-tested 
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using parabolic flight to eliminate any POGO gimbal interactions and to determine how 
significant these interactions were. 
 
Because of the interactions among the MKIII, gimbal, and POGO system, many of the tasks 
were altered from the expected task-completion methods. Specifically, the surface height for 
the rock pickup, rock transfer, shoveling and hammering tasks was elevated. In some cases, this 
change was made because the stroke of the POGO lift cylinder did not go down far enough to let 
the subjects reach the ground. In other cases, this change was made because awkward gimbal in-
teractions affected the ROM needed to complete the task. These issues and changes to how the 
subjects completed the tasks did not allow the subjects to use the full ROM of the MKIII suit (as 
compared to what has been observed in previous suit tests in1-g and during parabolic flight). 
Therefore, application of the resulting data is somewhat limited. While there will be occasions 
that do not require an astronaut to go all the way down to the ground to complete a task, normal 
procedures will likely require astronauts on a planetary surface to pick up samples off the 
ground, dig into the ground, or retrieve dropped tools from the ground (as occurred several 
times during the Apollo missions). 
 
All predictive statistical models (discussed in Section 3.4) need to be viewed as preliminary 
because they are currently in development and the data set is not yet fully crossed; as such, the 
possible interrelationships that may exist between pressure, weight, mass, and subject character-
istics are not yet understood. This is why equation coefficients were not reported at this time per 
the current data set. Therefore, a future validation effort (to include more suited human perform-
ance testing with consistent data collection) will be required for the model(s) to be used for the 
purposes stated in Section 3.4. Models converting subjective data to metabolic rate are also less 
prone to these interrelationships, but will need more subjects and trials before they are consid-
ered valid to use. 
 
Due to limited time and resources, the subject pool was limited to six male astronauts with 
limited anthropometric, strength and fitness variability. Ideally, future tests will include females 
and a broader range of male subjects with different anthropometry, strength, and fitness as these 
relate to suit fit and the crew member’s ability to effectively function in a suit. 
 
For this study, a specific gait was not prescribed, but subjects were directed to maintain a 
consistent gait throughout the biomechanics data collection period of each trial. While this 
eliminated most of the problems of gait change affecting biomechanical data collection, it did 
complicate data analysis because gait style had a significant impact on many biomechanical 
metrics. In future tests, subjects may possibly be instructed to employ a symmetric Earth-like 
gait throughout the study even if an asymmetric gait is favored. Future studies also could 
examine how changing gait affects results. 
 
The unsuited harness was improved from a comfort standpoint, although leg ROM may have still 
been affected, which could lead to an altered gait. 
 
Another consideration is that during the reduced-gravity trials, the subjects’ arms and legs still 
operated in a 1-g field. To what extent this factor affects human performance is unknown and speaks 
to the importance of using multiple different reduced-gravity analogs for this type of testing. 
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3.7 Lessons Learned 

As discussed in the IST-1 lessons learned section (2), extended familiarization was allowed for 
all subjects for the exploration task trials. Because this test followed immediately after IST-1 and 
the six test subjects were the same, full familiarization trials were not included with the ambula-
tion trials, but each subject was allowed some familiarization time at the beginning of each test 
session. Significant improvements were noted between the familiarization trial and test trial for 
suited exploration task, indicating that for any novel tasks, familiarization trials should be 
incorporated or learning affects may interfere with data analysis. 
 
Changing exploration task performance methods (e.g., raising height for rock pickup) may 
be required to allow all subjects to complete the task within experiment design constraints (eg, 
POGO limits some ROMs), but making such changes does affect one’s ability to infer effects on 
realistic task performance. Future tests should strive to perform tasks as realistically as possible. 
The validity of proposed tasks and the methods by which to complete them should be verified in 
pilot testing prior to actual data collection runs. If, during pilot testing, the test team notes an idio-
syncrasy of the experiment design that affects task performance, it should be documented and the 
implications discussed prior to proceeding with the testing as planned. For cases in which the test 
system or environment cannot be modified to alleviate system-driven impacts to task performance, 
the test team must be diligent in recording the variance between actual and expected task perform-
ance along with the corresponding implications to results and conclusions. Test teams should not 
justify test setups using the “that’s the way it was done last time” logic without understanding 
the implications to the data they intend to collect. 
 
Before this test, only treadmill ambulation was tested. Treadmill speed and/or grades could be 
set, and a fixed workload was applied consistently to the subject, which elicited a steady-state 
metabolic response. With the inclusion of exploration tasks, there was no controlled, consistent 
workload; therefore, there was no steady-state metabolic rate. In lieu of metabolic rate, metabolic 
cost was used, which was the total O2 consumed to complete the task. Therefore, both time to 
completion and metabolic rate were required for this calculation, and both parameters had the 
ability to significantly affect metabolic cost. 
 
The non-steady-state environment of the exploration tasks also precluded the team from taking 
RPE measurements on tasks other than longer tasks. Because other lunar simulation environments 
(underwater buoyancy and parabolic flight) do not lend themselves well to metabolic measure-
ments, one way to get a reasonable approximation of effort is to use subjective measures such 
as RPE even on short tests. All future tests should record RPE for short and long tasks and also 
include RPE measurements at the 30-second mark of shorter tests as that is a comparable com-
parison time to what could be recorded during one parabola on a parabolic flight. Other solutions 
include creating and validating a measure for quantifying metabolic rate over a short duration or 
the development of metabolic rate measurement capability in all reduced-gravity environments. 
 
For collecting GRF during inclined treadmill trials, it is desirable to have an origin reset of 
the motion capture system in relation to the force plates to minimize post-processing time and 
increase accuracy. This was realized immediately prior to the data collection portion of the study. 
Because of the importance to reset the origin, changing incline cannot be performed in a continu-
ous manner if biomechanics data are to be captured. Rather, short breaks requiring the subject to 
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move off or to the very front of the treadmill were required. Future test procedures need to 
account for these short breaks required to adjust grade. 
 
GRF data also reported only normal forces and no shear forces. Because shear forces increase 
and normal forces decrease as grade increases, measurement of only one aspect of GRF is incom-
plete. Shear forces are also necessary to determine how much relative stability the POGO 
overhead lift column provides. Future tests using the POGO should strive to measure both 
normal and shear GRF. 
 
The VacuMed treadmill belt locks for 30 seconds after the belt is stopped. This allows subjects 
to exit off the treadmill safely. After 30 seconds, the treadmill belt enters a passive mode that does 
not actively maintain the position of the belt; thus, if mounted at an incline with sufficient force, 
the belt can slip. This belt slip made stepping onto the treadmill at inclines ≥ 20% a potential 
hazard if TGAW was ≥ 50 kg. The slip was mediated by either having test personnel “lock” the 
belt in place by holding it down with one foot, or quickly toggling the treadmill start/stop to en-
gage the active belt locking feature. In most cases, the belt was locked by applying pressure with 
the foot. Future test teams should take belt slip into account when writing hazard analyses and 
test procedures. 
 
The VacuMed treadmill is also equipped with an emergency stop button normally installed in 
the middle of the front handrail of the treadmill. When this button is pressed, all power to the 
treadmill is cut, and the treadmill belt returns to passive mode. During one suited trial at 30% 
incline and the heaviest weight condition, the subject was walking close to the front of the tread-
mill and inadvertently hit the emergency stop, cutting power to the treadmill. Because the subject 
was in motion, he continued walking when the belt went passive. As power had been killed to 
treadmill, the only way to return power was to manually reset the emergency stop, which was out 
of reach for all test operators due to the high incline. Therefore, the subject had no way of safely 
stopping other than trying to slide off the back of the treadmill or running up to the front and grab-
bing the front handrail. In this instance, the subject was able to reach the front handrail, although 
it was quite difficult. As he pushed towards the front of the treadmill with increased effort, the 
increased forces made the passive belt move even faster. Although the emergency stop button is 
intended to increase subject safety, by allowing the subject to stop the test at any time, it actually 
increases the risk of an adverse event when walking on inclines. To remedy the situation, the 
emergency stop was moved to the far left end of the treadmill. It was still reachable, but would 
not be hit inadvertently. All subjects were also briefed on this potential risk and were told that 
communication with the treadmill operator was the safest way to stop the test at higher inclines. 
 
Reduced-gravity weigh-out procedures were improved using the suit/subject/system’s static 
weight on the ground as the target. Force plates in the treadmill were summed to provide this 
weight, but this process did take longer than subjects would prefer. We recommend that a digital 
scale providing continuous feedback be used for all future studies to ensure proper and quicker 
weigh-out procedures. 
 
Near the end of suited data collection trials, a thermal data collection system was integrated into 
the suit system cooling loop. Data capability included LCG flow rate, inlet/outlet temperatures, 
and outlet relative humidity. This system will eventually provide data to understand other ways 
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of calculating metabolic rate to provide redundant and/or alternate methods for calculating this 
critical parameter. This system also provides inputs and feedback to the development of bioad-
visory algorithms, which may play an important role in providing feedback for exploration crew 
members. Initial pilot evaluation of the calculated metabolic rate from the thermal data collection 
system correlated well with the measured metabolic rate. Subjects also had better heat balance 
when cooling was adjusted for them based on results from the thermal data collection system 
compared to when subjects were in complete control of cooling themselves. 
 
As described previously, subject speeds during inclined ambulation were selected on the basis of 
each individual’s PTS, using that subject’s lowest ambulation speed. In retrospect, the ambulation 
speeds should have been consistent for all subjects, and speed selection should be centered on 
nominal expected translation speeds to aid in the ability to understand suited human performance 
characteristics at given speeds rather than around a particular speed. For more information regard-
ing the use of PTS vs. fixed speeds in partial gravity, see EWT and IST-1 test reports (1) (2). 
 
As is commonly seen in human research studies that require any kind of offloading, there seems 
to be no comfortable way to lift a human body vertically and still allow the body to move freely. 
The kite surfing harness used in this study provided greater surface area in contact with the portion 
of the subject’s body being lifted. The use of neoprene shorts provided another layer of padding 
and should be included in all future studies if similar offloading hardware is used in the shirt-
sleeve condition. 
 
A full 1-g baseline (not attached to the POGO) was included for all tasks, except the weight 
carry. This was always done as the first condition for shirtsleeve trials. A short 1-g familiariza-
tion session was also included before suited trials. Having an accurate unsuited 1-g baseline was 
critical to ESSPI and GCPS. It is recommended that all future human performance studies looking 
at planetary tasks in reduced gravity should include an unsuited 1-g condition for every subject. 

4 Conclusions 
4.1 Contributions of Weight, Mass, Pressure, and Suit Kinematics to Metabolic 

Cost of MKIII in POGO Configuration 

By varying suit pressure and weight, the portion of metabolic cost specifically related to those 
components can be calculated. That leaves the baseline shirtsleeve metabolic costs necessary for 
the subject to perform the task unsuited as well as the residual cost associated with all other factors, 
including, but not limited to, suit kinematic constraints, stability, mass, system-level differences 
between unsuited and suited subjects, POGO/gimbal/suit interactions, suit fit, fatigue, and/or fa-
miliarization with the tasks. This detailed evaluation pertains to the MKIII suit in the POGO con-
figuration (121 kg [265 lb], including PLSS, 29.6 kPa [4.3 psi]) during exploration tasks and 
inclined locomotion in lunar gravity. 
 
For inclined walking, baseline, shirtsleeve costs and the cost of additional weight account for 
most of the metabolic cost, and the percentage contribution from both of these factors increased 
as grade increased. For exploration tasks, baseline shirtsleeve costs were also present, but weight 
actually had the opposite effect and acted to decrease metabolic rate. The component contributing 
most to the suited metabolic cost of exploration tasks combined other factors, including suit 
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kinematic constraints, stability, mass and suited/unsuited harnessing, and suspension differences. 
Suit pressure, a minor component of inclined walking metabolic cost, was an insignificant contri-
butor to the exploration tasks evaluated. Graphical results can be seen in Figure 11, Figure 12, 
Figure 13, and Figure 14. For inclined walking, the baseline shirtsleeve metabolic cost accounted 
for approximately 50% independent of grade. This indicated that altering suit factors could possi-
bly only change the other 50%. On the other hand, the exploration tasks had only 25% of the met-
abolic cost accounted for due to the baseline shirtsleeve costs; therefore, suit factors could be 
altered to significantly improve the other 75%. 
 
Future tests will drive out the individual contributions of these remaining components as well 
as examine various interrelationships and coupling factors present in untested combinations of 
these variables. By understanding these individual factors, we will be able to provide specific 
recommendations for suit design requirements, EVA mission planning, and overall consumables 
packaging. 

4.2 Effects of Varied Weight, Mass, and Pressure on Suited Human 
Performance 

Results suggest that suited TGAW exerts a varied effect from positive to negative on metabolic 
rate depending on the task. Previous results for level ambulation combined with current results 
for inclined ambulation indicate that as weight increased, the metabolic cost of ambulation also 
increased. In this study, metabolic rate differences became most significant at steeper grades (≥ 
20%). At lower grades, additional suit weight did not significantly increase metabolic rate, even 
at the heaviest weights tested. Inclusion of exploration tasks demonstrates that increased weight 
up to a certain point had a positive effect by lowering metabolic cost. Therefore, increasing suit 
weight can have a negative, neutral, or positive effect on metabolic rate. Given these results, it is 
critical to understand what the operational concepts will be for exploring the moon. In the case in 
which the majority of gross translation will be performed by a rover and the astronaut will primar-
ily be doing exploration tasks and slow walking, a heavy suit might improve human performance. 
On the other hand, if the astronaut is expected to do most of the translation suited and perform 
very few exploration tasks, a lighter suit would improve human performance. 
 
Suit pressure does increase metabolic cost on a limited basis. Therefore, for the tasks tested, 
scant evidence exists that a significant change in suit pressure with an MKIII-type EVA suit 
would affect metabolic rate for the types of tasks tested. Again, these results should only be 
applied to the tasks tested. Other types of EVA would likely be affected with a change in suit 
pressure, such as a typical 0-g EVA, which does not require ambulation or complex whole-body 
movements, but rather requires foot restraint and extensive use of power and hand tools. Because 
pressure has little effect on metabolic rate for whole-body tasks, this allows freedom to optimize 
pressure for decompression sickness and/or extensive hand/glove use of tools depending on what 
EVA operational concepts drive out. 
 
Adding mass in the increments tested during this study (0 to 34 kg) did not significantly alter 
metabolic rate. Without the ability to mass-match the varied weight-testing configurations in a 
way such that the TGAW would be correct in 0.17-g, it is critical that mass eventually be tested 
in increments similar to the varied weight tests to determine whether varying suit weight alone is 
an adequate way to evaluate how different suit masses would alter human performance. 
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Perceived exertion followed a similar trend to metabolic rate as would be expected. GCPS 
ratings were unchanged by suit pressure, but trended higher with increased weight during in-
clined ambulation. GCPS during exploration tasks was almost always highest at the lowest suit 
weight and was best at the weights tested at 0.22-g and 0.27-g. 
 
Joint kinematic results from this study showed that walking on an incline required greater 
hip, knee, and ankle ROMs with increasing surface inclines. Further, results from this study 
demonstrated that hip, knee, and ankle ROM decreased with increased pressure. Increasing suit 
weight led to an increase in hip, knee, and ankle ROM as well as an increase in waist-bearing 
travel. Therefore, a low-pressure or heavier suit will require increased joint ROM capabilities to 
perform incline locomotion tasks. 
 
Changes in pressure made little difference in exploration task performance. Increasing weight 
improved stability and improved overall exploration task performance through the weights achieved 
at 0.27-g, but results began to trend worse at the 0.32-g condition. Results of this study indicate 
that more weight, up to a certain point, improves exploration task performance. 

4.3 Comparison of the MKIII at POGO configuration to MKIII with the Waist 
Bearing Locked 

Metabolic and subjective data were very similar between conditions demonstrating that locking 
the waist bearing to prevent rotation around that joint did not negatively affect human perform-
ance. However, the strategy analysis and COP analysis data contradict the metabolic findings, 
demonstrating from a stability standpoint that locking the waist bearing is detrimental to per-
formance. Kinematic analysis also shows that although the subjects were able to adequately 
perform with the waist locked, all subjects made substantial use of the waist joint when 
unlocked. 

4.4 Development of Predictive Models for Metabolic Rate and Suit Kinematics 

Preliminary multiple linear regression models were developed to predict the metabolic cost of 
different tasks in the MKIII suit as a function of the properties of the suit, anthropometry of the 
subject, and specific tasks. While preliminary and descriptive in nature, these models highlight 
the possible applications for a complete model, including: refining operational concepts, defining 
suit requirements, and predicting consumable usage. Models to determine joint cycles and other 
life cycle aspects of the suit are in progress. Eventually, with the inclusion of additional data and 
improved understanding of various interrelationships, these models will be combined into an all-
inclusive predictive algorithm that would provide one comprehensive, user-friendly tool that 
would incorporate the results of applicable human performance testing in reduced gravity. 

4.5 Secondary Objectives 

This test series provides an ideal opportunity to use the data collected for much more than to 
address specific primary objectives. Lessons learned from this test can be used to improve test 
methods, test equipment, and lunar analog environments as well as to prepare for future testing 
and requirements verification of EVA suit candidates. Data will be used to develop an EVA sim-
ulator for use with prebreathe protocol verification and exercise countermeasure studies. Metrics 
to compare suited to unsuited performance in both reduced and Earth gravity help provide a ref-
erence point to determine what normal 1-g human performance entails and how performance 
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changes as gravity changes and as an EVA suit is donned. Currently, a limited number of factors 
can compare unsuited to suited human performance, and we hope to expand this in the future. 

4.6 Summary 

One of the key hopes and applications of this study was to further the knowledge of suited 
human performance and to determine what gaps in knowledge, facilities, or test methodology 
exist that need to be filled to fully understand this field. IST-2 addressed the primary objectives 
of the study and has begun to provide some of the data to answer secondary objectives. As more 
studies are completed, these predictive models, suit parameter interrelationships, standard meas-
ures, and new metrics such as ESSPI will become complete products allowing for evidence-
based recommendations to optimize suit design and plan EVA operational constraints and 
consumable targets. 
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Appendix A: Submaximal Test Termination Criteria 
 
Test Termination Criteria for All Submaximal Testing 

1. Subject’s request to stop at any time 
2. Subject’s heart rate or measured VO2 at level > 85% VO2pk for 2 minutes or longer 
3. Failure of POGO hardware and/or treadmill system 

 
Additional Test Termination Criteria for Suited Submaximal Testing 

1. Expired CO2 levels greater than 5% 
2. If subject reports discomfort rating > 7 (on 10-point scale) for two consecutive recording 

periods, the subject will be asked to terminate the test. If the subject asks to continue, he/ 
she will be allowed to continue until Condition 3 is met 

3. Discomfort rating > 7 for three recording periods (may be nonconsecutive) or severe 
pressure point 

4. Engineering hardware failure such as in suit or suit environmental control (these 
standard/approved engineering termination criteria were described in the detailed test 
plan (CTSD_AHI_0009) and addressed in the test readiness review (TRR)) 
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Appendix B: Ratings Scales for Subjective Measures 

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 

Borg Rating of Perceived Exertion Scale 

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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Corlett & Bishop Discomfort Scale 

 
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 

Thermal Preference 

-2 Much warmer 
-1 A bit warmer 
0 No change 
1 A bit cooler 
2 Much cooler 
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