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The Z-2 space suit is the product of the last fifty years of NASA’s space suit research and 

testing experience. The Z-2 suit was originally developed as an exploration space suit for use 

on a planetary surface, such as the moon or Mars. However, Z-2 could also be used in 

microgravity at the International Space Station (ISS) to supplement or replace the existing 

extravehicular mobility unit (EMU). To evaluate the microgravity performance of Z-2 for 

compatibility at the ISS, the suit was tested in NASA’s Neutral Buoyancy Laboratory (NBL), 

which is the primary simulated microgravity testing environment for space suits. Seven test 

subjects, including five astronauts, performed various tasks that are representative of the 

tasks performed at the ISS. Test subjects performed tasks in the Z-2 suit and the EMU so 

that relative comparisons could be drawn between the two suits. Two configurations of the 

Z-2 space suit were evaluated during this test series: the EMU lower torso assembly (ELTA) 

configuration and the Z-2 lower torso assembly (ZLTA) configuration. The ELTA 

configuration, which was the primary test configuration, is comprised of the Z-2 upper torso 

and the EMU lower torso. The ZLTA configuration is comprised of the Z-2 upper torso and 

the Z-2 lower torso, which contains additional mobility elements. This paper discusses the 

test methodology and preliminary test results from the Z-2 NBL test series. 

Nomenclature 

ABF = Anthropometry and Biomechanics Facility 

APFR = articulating portable foot restraint 

BRT = body restraint tether 

CCA = communications carrier assembly 

CCE = critical contingency extravehicular activity 

CETA = crew and equipment translation aid 

CM = crew member 

CO2 = carbon dioxide 

DCS = decompression sickness 

DCU = display and control unit 

ELTA = extravehicular mobility unit lower torso assembly 

EMU =  extravehicular mobility unit 

EVVA = extravehicular visor assembly 

EVA = extravehicular activity 

HUT = hard upper torso 

FHRC = Flexible Hose Rotary Coupler 

JSC = Johnson Space Center 

ICS = Integrated Communication System 

IEA = Integrated Equipment Assembly 

IFHX = Interface Heat Exchanger 

in = inch 
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ISS = International Space Station 

LTA = lower torso assembly 

MBSU = Main Bus Switching Unit 

MMWS = Modular Mini Workstation 

NASA = National Aeronautics and Space Administration 

NBL = Neutral Buoyancy Laboratory 

PGT = pistol grip tool 

PLSS = portable life support system 

psid = pounds per square inch delta 

QD = quick disconnect 

R&R = removal and replacement 

RET = retractable equipment tether 

RPCM = Remote Power Control Module 

SAFER = Simplified Aid for Extravehicular Activity Rescue 

VTD = vertical trunk diameter 

WETF = Weightless Environment Training Facility 

WIF = worksite interface 

ZLTA = Z-2 lower torso assembly 

I. Introduction 

HE extravehicular mobility unit (EMU) was originally developed by the National Aeronautics and Space 

Administration (NASA) in the 1970s to enable astronauts to perform extravehicular activities (EVAs) in 

microgravity during the Space Shuttle Program.1 The EMU continues to be used today to perform EVAs on the 

International Space Station (ISS). The EMU has been successfully used for several decades, but NASA is currently 

investigating the possibility of supplementing or replacing the EMU with a new suit derived from the newly 

developed Z-2 space suit. 

The Z-2 prototype space suit was delivered to NASA in 2016 and is the culmination of several decades of space 

suit development work.2 The rear-entry suit was originally developed as a prototype exploration space suit for use 

on a planetary surface; however, a future Z-series suit could be used to perform microgravity EVAs at the ISS. To 

refine the Z-2 space suit design and optimize it for microgravity, it is necessary to evaluate the microgravity 

performance of Z-2 on the ground. Previous tests with the Z-2 space suit have been limited to 1-g evaluations. Tests 

have included carbon dioxide (CO2) washout evaluations3 and fit checks in a laboratory environment.  

The Neutral Buoyancy Laboratory (NBL) is NASA’s primary simulated microgravity testing environment for 

space suits. This location was used to evaluate the Z-2 space suit in a simulated microgravity environment. This test 

series is described in this paper. The Z-2 NBL test series ran from September 2016 through June 2017 and the test 

included 17 manned runs. 16 runs were originally scheduled to be completed, but a make-up run was added late in 

the test series (Run 17). The first three runs were engineering evaluation runs, and the following 14 runs were 

evaluations with astronauts. This paper presents the methodology associated with the test series and preliminary 

results. Full results from the test series will be presented in a future paper.  

A. Previous Test Series with Planetary Walking Suits in Microgravity Environment 

NASA has previously evaluated the performance of rear-entry, planetary walking suits in a microgravity 

environment. During the late 1980s and early 1990s, the Mark III, AX-5, and EMU space suits were tested at the 

Weightless Environment Training Facility (WETF) at Johnson Space Center (JSC).4,5,6 Similar to the NBL, the 

WETF was a simulated microgravity training center for astronauts in which suits were placed in a pool and made 

neutrally buoyant with weights and foam blocks. The objective of the WETF test series was to compare the 

microgravity performance of the Mark III and AX-5 space suits to the baseline Space Shuttle EMU space suit, with 

a goal of selecting the best overall technical features from the suits and advancing toward a new space suit design. 

General results regarding the WETF test plan were: it is important to perform EVA-specific tasks; tests should be 

scheduled close together to minimize knowledge loss for test subjects and the test team; higher-activity tasks should 

be performed to stress the suits so that differences are more pronounced; it is important to obtain an acceptable in-

water weigh-out for the suited test subjects. Lessons learned from the WETF test series were incorporated into the 

formation of the Z-2 NBL test plan. 

T 
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B. Development of Z-2 Space Suit 

The Z-2 space suit was developed with funding from NASA’s Advanced Exploration Systems Directorate to 

advance the state of the art in exploration space suit technology. Development of Z-2 sought to improve several 

aspects of space suit technology: lightweight structures that are robust to damage; highly mobile joints; and more 

optimal fit for astronauts who operate the space suit.2  

The hard upper torso (HUT) of the Z-2 space suit was developed with a hybrid composite structure to make the 

HUT lightweight and robust to impact. The HUT has a rear-entry door that allows the astronaut to ingress the suit 

through the back of the suit. The Z-2 HUT has an 11” x 13” elliptical helmet bubble that provides extended lateral 

and longitudinal visibility, as compared to the EMU HUT’s smaller helmet bubble. Unlike the EMU, the Z-2 suit 

was not delivered with an extravehicular visor assembly (EVVA). An EVVA will be developed for the flight-

version of a Z-series suit, though. For this test series, test subjects provided feedback on the operational benefits of 

improved overhead visibility without an EVVA; this feedback will inform the design of a future EVVA concept.  

The Z-2 space suit’s constant-volume, rolling convolute shoulder and waist joints were developed to operate 

with low torque at a differential pressure of 8.3 psid compared to the EMU’s operating pressure of 4.3 psid. Z-2 was 

also designed with a two-bearing hip that features a convoluted thigh adduction-abduction joint. This makes it easier 

for a subject to walk in the suit in 1-g. 

The Z-2 space suit was designed with an Integrated Communication System (ICS). The ICS consists of three 

microphones and four speakers that are mounted to the neck ring of the HUT. This allows the test subject to 

communicate without wearing an EMU communications carrier assembly (CCA). 

C. Comparisons between Z-2 and Extravehicular Mobility Unit 

The Z-2 space suit was designed to provide a better fit for smaller astronauts who do not fit very well or cannot 

function very efficiently in the EMU. The Z-2 suit’s rear-entry door enables the shoulder bearings to be positioned 

closer together, which improves upper torso mobility for smaller test subjects. The inter-scye distance for the EMU 

is compromised (widened) because the suit must allow for donning and doffing through the waist.2 Z-2 HUT sizing 

encompasses astronauts who normally use an EMU Medium Planar HUT, which is the smallest EMU HUT size. 

Although smaller astronauts do ultimately fit inside of an EMU Medium HUT, they do not have a good fit in the suit 

(i.e., they cannot move efficiently with the suit). Smaller astronauts often have extra space in the EMU and they 

must reposition their entire body inside the suit to make the suit move a certain way. Additionally, a smaller 

astronaut may fight against an EMU suit joint that is not centered over their joint.  

The Z-2 HUT shape differs from the EMU HUT in several primary ways: the scye bearings were moved inward 

onto the subject’s shoulder joint (Q distance); the angle of the scye bearings was changed to provide better arm 

cross-reach; the scye bearing diameter was increased to enable better scapulothoracic movement; the astronaut is 

better indexed forward into the HUT. A comparison between the Z-2 HUT and the EMU HUT is illustrated in 

Figure 1. 
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The Z-2 suit’s scye bearings can be placed at two different inter-scye distance positions. This improves fit for 

smaller- and medium-sized astronauts, with chest breadth as the primary anthropometry. Additionally, the Z-2 suit 

was designed to fit a wide range of torso lengths, as defined by the vertical trunk diameter (VTD), using a sliding 

sizing mechanism. Z-2 was designed to fit a chest breadth range of 11.5” to 13.5” and a VTD from 24.5” to 28.5” 

(Table 1). The EMU Medium HUT with an XS-size waist fits a maximum chest breadth of approximately 14.6” and 

a maximum VTD of 27.03”, as defined in Ref. 7. Subjects whose VTD is less than 27.03” often wear crotch padding 

in the EMU to better position themselves in the suit for NBL tests. 

 

 

D. Space Suit Descriptions 

Two configurations of the Z-2 space suit were evaluated during this test series: the EMU lower torso assembly 

(ELTA) configuration and the Z-2 lower torso assembly (ZLTA) configuration. (See Figure 2) 

1. Z-2 - ELTA Configuration 

The ELTA configuration of Z-2 is comprised of the Z-2 HUT and the EMU LTA. Specifically, the ELTA 

configuration consists of: Z-2 HUT, EMU arms, EMU Phase VI gloves, and EMU LTA. EMU arms were used 

instead of Z-2 arms because more sizing options are available with EMU arms. Z-2 was not originally designed to 

connect to an EMU LTA, but an interface adaptor was built to enable this configuration. The ELTA configuration 

was the primary configuration for this test series. This configuration was exclusively evaluated at 4.0 psid.  

A display and control unit (DCU) mockup was installed on both configurations of the Z-2 suit for this test series. 

The DCU mockup was mounted to the HUT, and the mockup represents the shape of the DCU that will be installed 

on the flight version of a Z-series suit. 

2. Z-2 - ZLTA Configuration  

The ZLTA configuration of Z-2 is comprised of the Z-2 HUT and the Z-2 LTA. Specifically, the ZLTA 

configuration consists of: Z-2 HUT, EMU arms, EMU Phase VI gloves, Z-2 waist/brief assembly, EMU legs, and 

EMU boots. The EMU boots were used instead of the Z-2 boots so that the suit could interface with the articulating 

Table 1. Comparison of EMU, Z-2, and As-Tested Subject Ranges 

 EMU Specified Range 

(Medium HUT, XS Waist) 
Z-2 Requirement Range Test Subject Range 

Chest Breadth <14.6” 11.5” – 13.5” 11.6” – 14” 

VTD <27.03” 24.5” – 28.5” 23.6” – 28.5” 

 

 

 Z-2 HUT EMU HUT (Medium) 

HUT Vertical Angle (P) 20° 23° 

Scye Horizontal Angle (ß) 35° 30° 

Inter Scye Distance (Q) 10.1” (IN) – 11” (OUT) 11.8” 

 
Figure 1. Comparison of Z-2 and EMU scye bearing positions. 

 



 

International Conference on Environmental Systems 
 

 

5 

portable foot restraint (APFR). The Z-2 boot bearing was not designed to connect to an EMU boot, so an adaptor 

was built to enable this configuration. As with the EMU arms, the EMU legs were used instead of the Z-2 legs 

because more sizing options were available. This configuration was evaluated at 4.0 psid and 8.0 psid.  

3. EMU 

In addition to performing tasks in two configurations of the Z-2 space suit, test subjects also performed tasks in 

the enhanced EMU space suit. All test subjects evaluated tasks in the planar EMU HUT, and all subjects used a 

medium-sized EMU HUT. The EMU was exclusively evaluated at 4.0 psid.  

 

II. Test Plan 

A. Test Objectives 

The high-level objective of this test series was to evaluate the performance of the rear-entry Z-2 space suit in 

microgravity as compared to the EMU. This test series was separated into six specific test objectives: 

 

1. Evaluate ability of Z-2 with ELTA to perform ISS critical contingency EVA tasks, relative to the EMU. 

When a Z-series suit flies to the ISS to supplement or replace the EMU, the suit must be capable of performing 

the same tasks that the EMU performs. This test series was limited to 14 primary runs, so it was not possible to 

evaluate all possible EMU ISS tasks. The Z-2 suit team worked with the EVA operations group and the Astronaut 

Office to identify challenging EVA tasks that may need to be performed on the ISS. The rationale was that if Z-2 

can perform challenging tasks, then there would be more confidence that the suit could perform other, less 

challenging tasks. Selecting challenging tasks also stressed the Z-2 and EMU suits to better highlight differences 

between the suits.   

The critical contingency EVAs (CCEs) are a group of 13 ISS hardware failures that result in zero-fault tolerance 

for ISS survival.8 They are also high priority risk reduction tasks that are determined by Space Station Program 

management. A space suit on the ISS would need to be able to complete these CCE EVAs. The Z-2 NBL test team 

identified several of the more challenging CCEs to perform in the NBL. These CCEs can require multiple EVAs to 

complete, so only the most challenging aspects or aspects that drove comparisons between Z-2 and the EMU were 

completed from these selected CCEs.  

 

 

 
Figure 2. Comparisons of ZLTA and ELTA configurations of Z-2 space suit. 
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2. Evaluate EMU tools with Z-2 upper torso architecture 

When a Z-series suit flies to the ISS, this suit should be compatible with the existing ISS EMU tool suite. 

Compatibility reduces the cost of overhead for the development of a new suit, and it improves intercompatibility 

between the EMU and Z-series suit. This test series evaluated a variety of EVA tools that are commonly required to 

perform EVA tasks. This test series had a limited number of runs, so not all EVA tools could be evaluated. A list of 

the tools evaluated during this test series is provided in a subsequent section of this paper. 

 

3. Evaluate Z-2 with advanced portable life support system (PLSS) package volume (PLSS 2.5) for use on ISS 

A Z-series suit on the ISS will include a new portable life support system (PLSS). The new PLSS design is 

currently being developed at JSC, and PLSS 2.5 is the latest version of this advanced PLSS design.9 Prior to this test 

series, no effort was spent on optimizing the packaging volume of the Z-2 space suit and PLSS 2.5 system. 

However, there was still value in evaluating the packaged volume of the suit/PLSS system if the two systems were 

connected as-is, because results would guide future size optimization efforts. Therefore, the PLSS mock-up that was 

attached to Z-2 during this test series was sized and mounted such that it matched the outer dimensions of the PLSS 

2.5 design.  

 

4. Evaluate suit usability with subjects who span size range of Z-2 

The Z-2 space suit was designed to provide a better fit for smaller astronauts. Therefore, an objective of this test 

series was to evaluate the performance of smaller test subjects. It was also important to verify that subjects on the 

upper end of the Z-2 sizing capabilities could acceptably perform tasks in Z-2.  

 

5. Evaluate added performance from highly mobile LTA (ZLTA) 

An exploration-forward Z-series suit will incorporate features into the LTA that enable the subject to walk on a 

planetary surface. However, before sending the suit to a planetary body, it is desired to evaluate the suit’s 

performance in microgravity at the ISS. This will provide the suit design team with valuable flight experience and an 

opportunity to improve the design of the suit. Additionally, while microgravity suits have not traditionally 

incorporated high mobility features into the LTA, these features may improve a suit’s microgravity performance. 

Based on this rationale, the microgravity performance of the ZLTA configuration of Z-2 was also evaluated in this 

test series. 

 

6. Evaluate capabilities of Z-2 suit with highly mobile LTA (ZLTA) at 8.0 psid (zero pre-breathe pressure) 

The EMU normally operates at a pressure of 4.3 psid. This operating pressure requires a time-consuming pre-

breathe protocol before an astronaut can perform an EVA.10,11 One of the benefits of the Z-2 suit is that the suit can 

operate at pressures up to 8.3 psid. Operating at 8.3 psid could drastically reduce the required pre-breathe time.12 

Therefore, an objective of this test series was to obtain feedback from test subjects on the microgravity performance 

of Z-2 while it operated at approximately 8.3 psid. Note: The NBL’s life support system supplies a suit pressure of 

8.0 psid. There is not a discernable difference between 8.0 psid and 8.3 psid (from the test subject’s perspective). 

B. Test Methodology 

The Z-2 NBL test series consisted of three development runs and 14 primary runs. Two engineers participated in 

the development runs, and five astronaut test subjects (crew members (CMs)) participated in the primary runs. This 

was the largest practical number of astronaut test subjects considering facility availability, schedule, hardware 

availability, and astronaut availability. Results in this test report reflect feedback from the astronaut test subjects. 

Because the test series was constrained to 14 primary runs, priority was given to evaluating the ELTA configuration 

of Z-2. All five astronauts performed runs in the ELTA configuration of Z-2. Four of these astronauts also 

performed runs in the ZLTA configuration of Z-2. Attempts were made to schedule the test subjects’ runs such that 

the runs were performed over as short of a time frame as possible. This limited the test subjects’ loss of 

knowledge/experience in between runs. A summary of the Z-2 NBL runs is provided in Table 2. 

Prior to their runs in the NBL, Z-2 NBL test subjects participated in a 1-g laboratory fit check in each suit 

configuration to verify that the suit was sized correctly and that the suit was comfortable. A follow-up fit check was 

also performed, during which sizing was verified and subjects evaluated placement and configuration of tools they 

would be using in the NBL to give subjects experience interacting with EMU tools in Z-2. Subjects also participated 

in a classroom meeting prior to their NBL run to review the test’s tasks and rating scales. 

Each subject’s first run in Z-2 in the NBL was a familiarization run in the ELTA configuration of Z-2. A 

subject’s second run was the CCE run, which was the primary data collection run. The CCE runs were broken into 

two parts: a run in the ELTA configuration of Z-2 and a run in the EMU. Subjects performed the same tasks in the 
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ELTA configuration and the EMU so that relative comparisons could be drawn between the two suits. The runs with 

the ZLTA configuration included some of the CCE tasks, in addition to other tasks that were not evaluated in the 

CCE run. 

 

 

C. Critical Contingency Extravehicular Activity Worksite Descriptions 

The test team identified challenging aspects from several CCEs to perform during this test series. Below is a 

description of the CCEs that were evaluated. A more thorough description of all of the CCEs is provided in Ref. 8. 

 

1. Flex Hose Rotary Coupler Removal and Replacement 

The Flex Hose Rotary Coupler (FHRC) is a component of the Thermal Radiator Rotary Joint that supports the 

S1 and P1 Thermal Radiators on the ISS. The FHRC enables fluid, power, and data to pass from the ISS truss to the 

radiator. Normally, two astronauts would complete this CCE. For this test series, though, a single astronaut was 

asked to perform the task to make the task more difficult. Four EVAs are normally required to complete the FHRC 

removal and replacement (R&R). The task was simplified to focus only on the very challenging ammonia quick 

disconnect (QD) operations inside the truss so that the task could be completed in about 30 minutes. 

The ISS’s two FHRCs are located on the ISS on the S1 truss and P1 truss. The P1 truss location was evaluated in 

this test series. Astronauts were tasked with demating/mating the zenith (M2) and nadir (M1) QDs at the stinger 

location of the FHRC. The QD at the nadir location was a low-fidelity mock-up, so astronauts were not necessarily 

asked to perform this task if time was limited. To remove the zenith QD, the astronaut removed the spool 

positioning device, pushed the button, pulled the bail, squeezed the bail to demate the sleeve, and pulled the QD off 

of the fluid connector. The astronaut performed the steps in reverse to mate the QD. For this task, the astronaut was 

attached to an APFR while he or she completed the task. The APFR settings at the zenith worksite were 12, QQ, H, 

3, and the settings at the nadir worksite were 12, QQ, D, 9.  

This CCE task was selected because the FHRC worksite has restricted reach and limited volume, which makes 

the task difficult for a single astronaut to complete. This allows for comparisons to be made between the EMU and 

Z-2 in regard to each suit’s upper torso mobility and the suit/PLSS system volume. An APFR is used to complete 

this task, so subjects also provide feedback on the effects of LTA mobility from the ZLTA configuration of Z-2.  

 

 

 

Table 2. Summary of Z-2 NBL Runs 

Run Test Subject and Suit Configuration Run Description 

1 Engineer #1 (ZLTA) ZLTA Engineering Run 

2 Engineer #1 (ELTA) ELTA Engineering Run 

3 Engineer #2 (ELTA) ELTA Engineering Run 

4 CM1 (ELTA) ELTA Familiarization Run 

5 CM2 (ELTA) & CM2 (EMU) CCE Run 

6 CM1 (ZLTA) ZLTA Run 

7 CM2 (ELTA) ELTA Familiarization Run 

8 CM2 (ELTA) & CM1 (EMU) CCE Run 

9 CM2 (ZLTA) ZLTA Run 

10 CM3 (ELTA) ELTA Familiarization Run 

11 CM3 (ELTA) & CM4 (EMU) CCE Run 

12 CM3 (ZLTA) ZLTA Run 

13 CM4 (ELTA) ELTA Familiarization Run 

14 CM4 (ELTA) & CM5 (EMU) CCE Run 

15 CM5 (ELTA) ELTA Familiarization Run 

16 CM5 (ELTA) & CM1 (EMU)* CCE Run 

17** CM5 (ZLTA) & CM3 (EMU) CCE Run and ZLTA Run 

*CM3 was originally scheduled for Run 16, but she was moved to a new run due to schedule constraints (Run 17) 

**Make-up run for CM3 
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2. Interface Heat Exchanger R&R 

The Interface Heat Exchanger (IFHX) 

removes heat from pressurized portions of 

the ISS. Two EVAs are normally required to 

complete the IFHX R&R; however, the 

R&R was simplified to focus on the 

challenging bolts and QDs so that the task 

could be completed in about 30 minutes.  

Several IFHXs are located on the ISS, 

but the Lab Nadir IFHX location was 

selected for the Z-2 NBL test series because 

this location has a small workspace. (See 

Figure 3) Astronauts were tasked with 

disconnecting the following components 

from each of the zenith and nadir sides of 

the IFHX: one electrical QD, two fluid QDs, 

and two bolts. Astronauts used a pistol grip tool (PGT) with a right-angle drive or a ratchet wrench to remove the 

bolts. The QDs at the worksite were low fidelity. On the zenith side, the subject was installed in an APFR with 

settings 12, WW, F, 12. On the nadir side, the subject connected the body restraint tether (BRT) to a handrail.  

Similar to the FHRC R&R, this task was selected because the worksite has restricted reach and limited volume. 

This allows for comparisons to be made between the EMU and Z-2 suits in regard to each suit’s upper torso mobility 

and the suit/PLSS system volume. This task also requires the use of multiple EVA tools, so subjects provide 

feedback on EVA tool compatibility with Z-2. 

 

3. Main Bus Switching Unit R&R 

The Main Bus Switching Unit (MBSU) distributes power to 

various parts of the ISS. The MBSU is located on the S0 truss 

(zenith). Astronauts were tasked with untorquing two captive bolts 

(H1, H2) from the MBSU with a PGT and handing off the MBSU 

to an assisting NBL diver (normally a second astronaut) with a 

scoop tool. For the actual MBSU R&R, the suit would be attached 

to an APFR on the Robotic Arm, and the suit would be positioned 

in optimal locations to remove each of the two bolts from the 

MBSU. For this test series, however, one APFR setting at 

approximately the halfway point between the two bolts was used: 

the MBSU tether point was centered on the subject’s HUT. 

The astronaut installed two scoop tools and uninstalled both 

bolts on the MBSU from the single APFR position. This single 

APFR setting allowed subjects to compare the reach between the 

suits. After the astronaut uninstalled both bolts, they removed the 

MBSU with the scoop tools and rotated the suit to hand off the 

MBSU to an NBL diver, who simulated a second crew member. 

(See Figure 4) 

This task was selected to evaluate the suits’ relative upper torso mobilities when accessing and removing the 

bolts. This task requires the subject to access two bolts with a PGT: the H2 bolt is above the subject’s head (ISS 

nadir) and the H1 bolt is below the subject’s shoulders (ISS zenith). When accessing the H2 bolt, subjects provide 

feedback on shoulder mobility. When accessing the H1 bolt, subjects provide feedback on shoulder mobility and the 

effects of LTA mobility from the ZLTA configuration of Z-2. The MBSU hand-off to the diver also allows the 

subject to evaluate the differences in waist mobility between the EMU/ELTA configuration and the ZLTA 

configuration. 

 

4. Remote Power Control Module R&R 

The Remote Power Control Module (RPCM) distributes power to various parts of the ISS. This task was selected 

as a relatively easy task for which astronauts could evaluate tool compatibility with Z-2. 

Several RPCMs are located on the ISS; however, the S1 RPCM bank was evaluated in this test series. Subjects 

used a BRT to stabilize the suit at the worksite. Subjects removed an RPCM with a PGT and a wobble socket. They 

 
Figure 3. Test subject performing IFHX R&R. 

 
Figure 4. Test subject performing 

MBSU R&R. 
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reinstalled the RPCM with a ratchet wrench and socket. 

A round scoop was used to handle the RPCM after the 

RPCM was uninstalled from the RPCM bank. If time 

allowed, the subject translated with the RPCM to the S0 

RPCM bank and reinstalled the RPCM. This allowed for 

evaluation on the reach and access of the waist tether, 

BRT, end effector, PGT, round scoop, ratchet wrench, 

and retractable equipment tether (RET). (See Figure 5) 

D. Task Descriptions 

The following sections provide more detail on the 

tasks that were performed during each type of NBL run. 

 

1. ELTA Familiarization Run 

The purpose of the ELTA familiarization run was to 

evaluate the subject’s weigh-out, comfort, and suit 

sizing in the ELTA configuration of Z-2 in the NBL. The run also gave the subject an opportunity to become 

familiar with operating Z-2 in a microgravity environment. The Z-2 space suit was operated at 4.0 psid. This run did 

not directly support any of the test objectives, but this run was required so that better feedback could be recorded 

during the subjects’ CCE runs.  

 

ELTA Familiarization Run Description: 

1. Weigh-out at Bottom of Pool 

2. Suit Familiarization at Z1 Toolbox 

a. Initial APFR Assessment: Practice ingressing and egressing APFR. 

b. Suit Familiarization: Perform isolated joint movement to understand suit mobility features in 

microgravity.  

c. Supported Tool Evaluation: Perform initial assessment of BRT and tools. Evaluate storage 

locations and ability to use BRT. Evaluate storage location and handling of PGT. Operate Z1 

toolbox doors and remove and stow tools from Z1 toolbox. Become familiar with the following 

tools: local tether, safety tether, RETs, D-ring extenders, and trash bag. Evaluate reach and access 

to tools with short T-bar installed on Modular Mini Workstation (MMWS). 

3. Basic Translations along S0 Truss 

a. Translate down crew and equipment translation aid (CETA) cart rail using hand-over-hand and 

sideways translation methods.  

4. Basic Tool Familiarization at RPCM (S0 Zenith location) 

a. Use BRT to stabilize suit at RPCM worksite. Connect RET to RPCM. Remove RPCM using PGT 

and then reinstall RPCM with ratchet wrench.  

5. Complicated Translation 

a. Translate along the following path: S0 truss, down CETA spur, around Z1 toolbox, through Z1 

Rats Nest, and then to Airlock. 

6. Airlock Evaluations 

a. Ingress/Egress 

i. Attempt to ingress Airlock as EV2 (heads first). Attempt to egress Airlock as EV2 (feet 

first). 

ii. Attempt to ingress Airlock as EV1 (feet first). Attempt to egress Airlock as EV1 (heads 

first). 

b. Hatch Evaluations: Attempt to close Airlock hatch. 

7. Advanced APFR Operations 

a. Translate from Airlock to ESP-2, Worksite Interface (WIF) 5 and unmate APFR from this 

location. 

b. Transport APFR to top of the U.S. Lab and set up APFR. Attempt to ingress APFR using ingress 

aid and then waist tether.  

8. Anthropometry and Biomechanics Facility (ABF) Reach Evaluation 

a. Perform suit motions associated with ABF motion capture task while suit is connected to APFR. 

9. Heads Down Evaluation 

 
Figure 5. Test subject performing RPCM R&R. 
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a. Battery evaluation in heads down in APFR on P4 Integrated Equipment Assembly (IEA). 

10. Get Ahead Tasks 

a. Evaluate Z-2 visor mock-ups while translating. 

b. Evaluate FHRC worksite. 

 

2. CCE Run 

The purpose of the CCE run was to collect feedback from test subjects on the performance of Z-2, relative to the 

EMU. This run supported test Objectives 1, 2, 3, and 4. 

During the CCE runs, two test subjects simultaneously performed tasks in the NBL: one subject performed CCE 

tasks in the EMU and a different test subject performed the same CCE tasks in the ELTA configuration of Z-2. The 

EMU and Z-2 space suits were operated at 4.0 psid during the CCE run. A detailed description of the CCE run is 

provided below.  

 

CCE Run Description: 

1. Weigh-out at Bottom of Pool   

2. Airlock Evaluations 

a. Ingress/Egress 

i. Z-2 subject ingresses Airlock as EV2 (heads first) with EMU following as EV1 (feet first). 

Both subjects egress the Airlock. 

ii. EMU subject ingresses Airlock as EV2 (heads first) with Z-2 following as EV1 (feet first). 

Both subjects egress the Airlock. 

b. Crew Rescue 

i. Z-2 attempts to put a simulated incapacitated EMU subject into Airlock. 

ii. EMU attempts to put a simulated incapacitated Z-2 subject into Airlock. 

c. Hatch Evaluations: EMU is positioned in Airlock as EV1 and Z-2 is positioned as EV2. Z-2 

attempts to close hatch by pressing hatch keeper and rotating hatch down and into place. 

3. Translations 

a. Both subjects translate along the following path: Airlock, around Z1, through Rats Nest, up CETA 

spur, under Mobile Transporter, and to P1 FHRC (EMU) or Port CETA cart (Z-2). 

4. FHRC R&R (P1 Truss Location; Stinger QD, zenith & nadir sides) 

a. Zenith Side: Remove and reinstall QD (M1).  

b. Nadir Side: Optional – Remove and reinstall QD (M2) 

5. ABF Reach Evaluation (EMU only) 

a. Perform suit motions associated with ABF motion capture task while suit is connected to APFR. 

6. Advanced APFR Operations 

a. Translate from S1 RPCM R&R location to port CETA Cart and unmate APFR from this location. 

b. Transport APFR to top of the U.S. Lab and set up APFR. Attempt to ingress APFR using ingress 

aid and then waist tether.  

7. Translations 

a. Z-2: Translate along the following path: FHRC, under Mobile Transporter, IFHX 

b. EMU: Translate along the following path: U.S. Lab, under Mobile Transporter, MBSU 

8. IFHX R&R (U.S. Lab Nadir Location; zenith and nadir sides) 

a. Zenith Side: Remove 2 fluid QDs (M1, M3), 1 electrical connector (P1), and 2 bolts (M4, M2) 

b. Nadir Side: Remove total of 2 fluid QDs, 1 electrical connector (J1), and 2 bolts (M1, M3) 

9. MBSU R&R (S0 Zenith Location) 

a. Remove two bolts (H1, H2). 

b. Hand off MBSU to NBL diver. 

10. Get Ahead Tasks 

a. External Logistics Carrier, Japanese Experiment Module Exposed Facility (Complicated 

Translations) 

b. RPCM R&R 

c. Translation with simulated large orbital replacement unit 
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3. ZLTA Run 

The purpose of the ZLTA run was to evaluate the microgravity performance of Z-2 with a highly mobile lower 

torso assembly. This run also sought to compare test subject performance at 8.0 psid to test subject performance at 

4.0 psid in a microgravity environment while performing the tasks that an astronaut may perform at the ISS. This 

run supported test Objectives 5 and 6. 

An NBL familiarization run was not performed specifically with the ZLTA configuration of Z-2 due to a 

constraint on the total number of runs. The four subjects who performed the ZLTA run performed the ELTA 

familiarization run and the CCE run prior to the ZLTA run.  

The Z-2 space suit was operated at 8.0 psid and 4.0 psid during the ZLTA run. Operating at 8.0 psid in the NBL 

increases the test subject’s risk of decompression sickness (DCS) and oxygen toxicity due to the increased partial 

pressures of nitrogen and oxygen, respectively, inside the space suit. The NBL exclusively operates at 4.0 psid with 

the EMU, and the EMU has had no incidents of DCS or oxygen toxicity in the NBL.13 To address these risks, ZLTA 

tasks were limited to a depth of 20 feet or less when the suit was pressurized to 8.0 psid.14 This limited the pressure 

inside Z-2 such that Z-2 remained within the operating envelope of the EMU in the NBL. A detailed description of 

the ZLTA run is provided below.  

 

ZLTA Run Description: 

1. Weigh-out at U.S. Lab (8.0 psid) 

2. Wire Tie Cables at Lab (8.0 psid) 

a. Wire tie quantity five cables to Lab structure. 

3. Translate from Lab to S1 RPCM location (8.0 psid) 

4. RPCM R&R (S1 Location) (8.0 psid) 

a. Remove RPCM with PGT & re-install RPCM with ratchet wrench 

5. Reduce Pressure to 4.0 psid 

6. Weigh-out at Bottom of Pool (4.0 psid) 

7. Wire Tie Cables at Lab (4.0 psid) 

a. Wire tie quantity five cables to Lab structure. 

8. Translate from Lab to S1 RPCM location (4.0 psid) 

9. RPCM R&R (S1 Location) (4.0 psid) 

a. Remove RPCM with PGT & re-install RPCM with ratchet wrench 

10. Advanced APFR Operations (4.0 psid) 

a. Translate from S1 RPCM R&R location to port CETA Cart and unmate APFR from this location. 

b. Transport APFR to top of the U.S. Lab and set up APFR. Attempt to ingress APFR using ingress 

aid and then waist tether.  

11. Translate from Lab to P1 FHRC (4.0 psid) 

11. FHRC R&R (P1 Truss Location; Stinger QD, zenith & nadir sides) 

a. Zenith Side: Remove and reinstall QD (M1).  

b. Nadir Side: Optional – Remove and reinstall QD (M2) 

12. ABF Reach Evaluation (4.0 psid) 

a. Perform suit motions associated with ABF motion capture task while suit is connected to APFR. 

12. Translate from Lab to Airlock (4.0 psid) 

13. Airlock Ingress/Egress (4.0 psid) 

a. Ingress/Egress 

i. Connect safety tether to Airlock and attempt to ingress Airlock as EV2 (heads first). 

Attempt to egress Airlock as EV2 (feet first). 

ii. Attempt to ingress Airlock as EV1 (feet first). Attempt to egress Airlock as EV1 (heads 

first). 

b. Hatch Evaluations: Attempt to close Airlock hatch. 

14. Translate from Airlock to Z1 Toolbox 

15. APFR Operations at Z1 Toolbox 

a. Evaluate reach and visibility 

16. Translate from Z1 Toolbox to S0 Nadir MBSU 

17. MBSU R&R (S0 Zenith Location) 

a. Remove two bolts (H1, H2). 

b. Hand off MBSU to NBL diver. 
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18. Get Ahead Tasks 

a. Heads Down Evaluation: Battery evaluation in heads down in APFR on P4 IEA. 

b. Evaluate different visor mock-ups while translating. 

c. Airlock Operations without Simplified Aid for EVA Rescue (SAFER). 

E. NBL Pool Floor Layout 

The NBL pool floor layout is shown in Figure 6. The locations of major tasks that were performed during the Z-

2 NBL test series are annotated in the figure. 

 

 

F. Test Subject Selection 

Two engineering test subjects and five astronaut test subjects participated in the Z-2 NBL test series. This was 

the maximum number of test subjects that the test team felt comfortable using, based on the 17 run limit. The 

Astronaut Office identified the five astronaut test subjects that were available for testing. The astronauts spanned the 

range of feasible sizing inside the Z-2 suit and they had a mix of experience levels. The five astronauts included 

three experienced EVA astronauts and two “rookie” astronauts who had not yet performed an EVA. Two of the 

astronauts were medical doctors. All of the engineering test subjects and astronauts in this test series had previous 

experience with performing tasks in the EMU in the NBL. Anthropometric ranges for the test subjects spanned a 

stature from 62.8” to 71.8”, VTD from 23.6” to 28.5”, and chest breadth from 11.6” to 14”. The test subject with the 

14” chest breadth exceeded Z-2’s original chest breadth requirement, but he was able to fit and move in the suit 

comfortably with a comparable fit between the EMU and Z-2 suit in the upper torso. 

 
Figure 6. NBL pool floor layout with annotations for Z-2 NBL test tasks. 
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III. Test Configuration 

A. Test Location – Neutral Buoyancy Laboratory 

This test series occurred in the Neutral Buoyancy Laboratory 

(NBL). The NBL is an astronaut training facility located within the 

Sonny Carter Training Facility. The NBL is a large pool that 

contains full-scale mock-ups of ISS modules, and it is the primary 

microgravity training facility for astronauts. Weight packs and foam 

blocks are used to make space suits neutrally buoyant in the NBL; 

this allows astronauts to practice EVAs in a simulated microgravity 

environment prior to performing EVAs at the ISS. 

B. Test Support Equipment 

1. Z-2 NBL PLSS Mock-up 

The Z-2 NBL PLSS Mock-up provides breathing gas, cooling 

water, and communication to the Z-2 suit via a volumetric PLSS 

shell. The PLSS mock-up matches the outer moldline of the PLSS 

2.5 design. The PLSS mock-up was mounted to the Z-2 hatch via 

four fasteners. The life support connections between the PLSS 

mock-up and the Z-2 suit are not flight-like.  

2. Z-2 NBL Donning Stand 

The standard EMU donning stand at the NBL interferes with the 

rear-entry hatch design of the Z-2 suit, so a new donning stand 

interface mechanism was designed for Z-2. Z-2 connects to the NBL 

donning stand via a custom-built mechanism that attaches to the 

waist donning stand feature on the Z-2 suit. This is shown in Figure 

7. 

3. Z-2 Visor Mock-ups 

The Z-2 suit was delivered without an EVVA. However, several 

different softgoods visor mock-ups were developed to evaluate the 

level of acceptable helmet occlusion: 30 degree, 45 degree, 60 

degree, and 90 degree. A picture of a mock-up is shown in Figure 8. 

Most of the time of each run was spent without the mock-ups so that 

subjects could better understand the operational benefits of enhanced 

overhead visibility. However, time was allocated during several runs 

for the subjects to perform tasks with the EVVA mock-ups. 

Feedback from test subjects will inform future EVVA designs with 

respect to how much helmet bubble visibility can be occluded before 

the EVVA adversely affects task performance in Z-2.  

4. ISS Tools 

A variety of common ISS EMU tools were evaluated in this test 

series to determine whether the Z-2 suit has an operational impact on 

tool use. This list included: MMWS, PGT, BRT, Safety Tether, 

Local Tether, RET, Ratchet Wrench, Wire Tie, Right Angle Drive, 

Round Scoop, APFR, APFR Ingress Aid, QD Bail Drive Lever, QD Release Tool. This list is not a complete list of 

the tools that the EMU uses during EVAs, but it includes the most common tools. 

The ZLTA configuration of Z-2 was not originally designed to operate with the MMWS. However, an adaptor was 

designed to allow the MMWS to connect to the Z-2 HUT. This adaptor placed the T-bar of the MMWS about 2” 

higher on the suit, which interfered with the Z-2 helmet bubble. To eliminate the interference, a new, short T-bar 

was designed for ZLTA. Test subjects evaluated the short T-bar with the ELTA configuration and with the EMU.  

 
Figure 7. Z-2 ELTA in Z-2 NBL 

donning stand. 

 
Figure 8. Z-2 subject translating with 

EVVA mock-up. 
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IV. Data Collection 

A. Subjective Data 

1. Data Scales 

Throughout their runs, test subjects were asked to rate acceptability, simulation quality, rate of perceived 

exertion, discomfort, and muscle fatigue. Scales for these metrics are provided in Table 3, Table 4, and Figure 9. 

The acceptability scale (Table 3), simulation quality scale (Table 4), and exertion scale (Table 5) are Likert scales. 

Likert scales have a history of use with space suit evaluations.16,16 Previous space suit evaluations have typically 

used a scale ranging from 1 (“Totally Acceptable”) to 10 (“Totally Unacceptable”). A smaller range was used for 

this test series so that subjects would provide a more discrete set of ratings from which it would be easier to draw 

conclusions. With a larger range, it can be difficult to interpret the difference between, for example, a rating of a 5 

and a 6 on a scale from 1 to 10. The discomfort and muscle fatigue scales (Figure 9) are based on the Corlett-Bishop 

Discomfort Scale. Similar to the other data scales, the number range for the discomfort and muscle fatigue scales 

was reduced so that it is easier to interpret test subject ratings. 

 

 

 

Table 4. Simulation Quality Scale 

Rating Description Value 

Excellent No limitations/problems 1 

Very Good Minor simulation limitations/problems 2 

Adequate Moderate simulation limitations/problems 3 

Inadequate Significant simulation limitations/problems 4 

 

Table 3. Acceptability Scale 

Rating Description Value 

Totally Acceptable No improvements necessary 1 

Acceptable 
Minor improvements desired 2 

Major improvements desired 3 

Unacceptable 
Minor improvements required 4 

Major improvements required 5 
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2. Subjective Questions 

In addition to rating scales, test subjects were asked the following questions after performing tasks: 

 

 Was completing this task easier, harder, or the same as completing it in the EMU, and why? 

 Was completing this task easier, harder, or the same as completing it in the ZLTA configuration of Z-2, 

and why? 

 Did the suit's field of view affect your ability to complete the task or change how you completed the task? 

 Did the suit's shoulder mobility affect your ability to complete the task or change how you completed the 

task? 

 Did the suit's volume affect your ability to complete the task or change how you completed the task? 

B. Objective Data 

1. Anthropometry and Biomechanics Facility Motion Capture Data 

An objective metric that can be used to compare the mobility capabilities of Z-2 and the EMU is the reach 

envelope. For this test series, the reach envelope is defined as the three-dimensional space in which a suited subject 

can move their gloves. This differs from the work envelope, which is the space in which a suited subject can 

comfortably work. The work envelope is more difficult to quantify because it depends on the type of task that is 

being performed. Therefore, the reach envelope was the metric of interest in this test series. 

Table 5. Rate of Perceived Exertion Scale 

Rating Description Value 

No Exertion You do not feel tired 1 

Light Exertion You feel a little tired, but you can continue this task 2 

Moderate Exertion You feel moderately tired, but you can continue this task 3 

Hard Exertion You feel very tired, and you cannot continue this task without a break 4 

 

 
Figure 9. Discomfort and muscle fatigue scale. 
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Throughout this test series, the test team collected 

subjective feedback about the mobility of the Z-2 suit 

configurations and the EMU so that relative comparisons 

could be made between the suits. Subjective data can be 

difficult to interpret and compare, so the team also sought 

to obtain objective reach data.  

Because of gravity, it is difficult to capture a full-body 

reach envelope of a suit in 1-g. In 1-g, it is not possible for 

a suited subject who is mounted in an APFR to position 

their body in all of the orientations that they could reach in 

microgravity. The NBL provides a unique opportunity to 

capture the range of motion of the suit as would be 

experienced in space.  

During the WETF test series with the Mark III, AX-5, 

and EMU, a mobile grid board was set up with a series of 

cameras to capture the reach envelope of the suits.4 

Advances in technology since the WETF test series 

improved the process of capturing the reach envelope. For the Z-2 NBL test series, the ABF developed a system that 

could capture the reach envelope of the suits in the NBL. The suit was placed in an APFR at the bottom of the NBL. 

Three underwater cameras were positioned around the suit and the cameras recorded video as the subject performed 

a series of standardized motions. The subject’s motions consisted of arm-isolated vertical/horizontal motions and 

full-body vertical/horizontal motions. Video from these cameras was post-processed to create a 3-dimensional 

dynamic model from which a reach envelope was generated. A more thorough description of the ABF motion 

capture system is provided in Ref. 17. 

2. Metabolic Rate 

Metabolic rate data were collected for each test subject so that general workload could be compared across suits. 

A controlled methodology was not used to ensure that subjects completed tasks in the same way or without breaks, 

so conclusions regarding task-specific energy expenditure cannot be made. However, gross comparisons for general 

energy expenditure over entire runs could be made between Z-2 and the EMU. 

3. Contact Points 

Contact points between the space suit and ISS structure and tools were recorded during this test series. During 

the runs, a team member observed the run from the NBL control room and recorded the severity, location on suit, 

and location on the ISS structure for each contact point. The NBL safety divers and test subject also reported 

observed contact points. Descriptions for the contact points are provided in Table 6. 

 

 

V. Preliminary Results 

The Z-2 NBL test series is scheduled to be completed in June 2017, so full results are not discussed in this paper. 

Feedback and preliminary data from a few of the test subjects are provided below. 

A. Test Setup 

Early in the test series, the test team learned that the RPCM R&R did not provide valuable comparative data 

between the EMU and Z-2 space suits. Test subjects reported that completing the task in Z-2 felt very similar to 

completing the task in EMU. Based on this feedback, the RPCM R&R was moved to a get-ahead task in the CCE 

run. The RPCM R&R still provided valuable feedback on comparisons between 4.0 psid and 8.0 psid, so the task 

was kept as a primary task for the ZLTA run. 

Table 6. Contact Point Rating Scale 

Rating Value 

Light contact 1 

Moderate contact 2 

Hard contact 3 

 

 
Figure 10. Z-2 subject performing ABF task. 
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During the ZLTA runs, the weight packs on the suit legs 

caused the legs to rotate. The EMU softgood legs are not 

symmetrical, so it was difficult to bend the legs when the legs 

rotated. This was an artifact of 1-g and the design of the NBL 

leg weight packs, thus the divers were tasked with correcting 

the inadvertent leg rotation.  

B. Suit Results 

Several test subjects have reported that the benefits of the 

Z-2 upper torso as compared to the EMU are the improved 

overall reach and improved overhead and lateral visibility. 

Figure 12 shows the ABF motion capture of one of the test 

subjects in the EMU and ELTA configuration of Z-2. The 

figure highlights the improved cross-reach and downward 

reach in Z-2. Test subjects have also preferred the Z-2 ICS 

over the EMU CCA. In regard to the Z-2 lower torso, test 

subjects have said that the mobile LTA makes it easier to 

ingress/egress the APFR. This increased mobility is shown in 

Figure 11. Some test subjects also said that the improved mobility in the Z-2 LTA made it possible for them to use 

their legs during translation. For example, one subject said that she could use her legs, in addition to her arms, to 

make plane changes. Test subjects stated that the gloves are the only discernable difference between operating the 

ZLTA configuration at 4.0 psid and 8.0 psid. Thus far in the test series, test subjects have said that Z-2 has been 

compatible with all of the tools that have been evaluated.  

Test subjects have also provided feedback on possible areas of improvement for Z-2. Test subjects have 

consistently said that the helmet bubble could be reduced in depth to reduce interference with the work envelope in 

front of the suit. The overall suit/PLSS system depth should also be reduced to minimize interference at worksites 

where volume is limited, such as the Airlock and IFHX. 

 

                              
 

 

VI. Conclusions 

This paper describes the methodology associated with the Z-2 NBL test series. Preliminary results highlight 

areas of improvement for the Z-2 space suit, which include reducing the helmet bubble depth and the overall suit 

system depth. Thus far, test subjects have provided positive feedback on the cross-reach of Z-2 as compared to the 

EMU. Subjects in this test series have also commented that there is not a large discernable difference between 

operating Z-2 in microgravity at 4.0 psid and operating at 8.0 psid. After the Z-2 NBL test series has been completed 

and the data have been processed, a follow-up paper will be written to discuss the results of the test series. Test 

results from this test series will ultimately inform the design of the next generation Z-series space suit. 

 
Figure 11. Z-2 subject ingressing APFR in 

ZLTA configuration of Z-2. 

Figure 12. Example of ABF motion capture of arm-isolated reach of Z-2 

ELTA and EMU. 
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