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The Alpha Magnetic Spectrometer (AMS) installed on the International Space Station 

(ISS) is a particle detector uniquely positioned to advance knowledge of the Universe by 

determining characteristics of cosmic ray particles. AMS was installed in 2011 with an 

operational life expectancy of three years. The thermal control system for one of the detectors 

has now degraded so that only one of four cooling pumps is functioning. NASA has directed 

repair requiring multiple Extravehicular Activities (EVA)s. AMS repair will involve 

crewmembers working in areas that were not intended to be accessed on-orbit. Performing 

off-nominal activities during EVA is not exceptional over the history of 200 plus space station 

EVAs, and NASA has a risk management process in place to assure mission safety. 

Risks to the Extravehicular Mobility Unit Space Suit Assembly (SSA) have been 

characterized for the activities to be executed during AMS repair. Risks include potential suit 

puncture and abrasion due to sharp edges and debris generated during the repair. Material 

testing established a reasonable estimate of the worst-case debris that could damage the SSA 

glove. Manned glove cycle testing was then performed to formulate an engineering risk 

assessment and recommendation for acceptability of the glove for EVA use. This paper will 

discuss the AMS mission risks and the testing completed to provide rationale for acceptable 

risk to the SSA. 

Nomenclature 

AMS = Alpha Magnetic Spectrometer 

CM = Crewmember 

EMU = Extravehicular Mobility Unit 

EVA = Extravehicular Activity 

ISS = International Space Station 

NASA = National Aeronautics and Space Administration 
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NBL = Neutral Buoyancy Laboratory 

SSA = Space Suit Assembly 

TMG = Thermal Micrometeoroid Garment 

VSB = Vertical Support Beam 

I. Introduction 

HE AMS-02 experiment is a state-of-the-art particle detector launched on the Space Shuttle in 2011 and externally 

mounted on the upper payload attach point S3 on the main truss of the ISS. AMS-02 is a collaborative effort of 

sixteen countries and 56 institutions. Billions of cosmic rays have been observed by the experiment. Precision 

measurements of cosmic ray composition and flux help investigators study the origins of the universe by searching 

for antimatter and dark matter. Understanding cosmic radiation is also important for manned interplanetary flight 

where Galactic Cosmic Rays (GCR) are a significant risk to human 

health.¹,² 

AMS-02 was designed to last three years in space. After six 

years in operation, the cooling system is degraded with only one of 

the four redundant pumps currently in operation. The remainder of 

the instruments are functioning and both the AMS scientists and 

NASA would like to extend the life of the AMS by replacing the 

pumps.³ However, the AMS-02 was not designed for on-orbit 

repair. Working together, AMS designers and NASA engineers and 

astronauts have developed procedures to gain access to the repair 

site behind thermal insulation panels and shields. A combination of 

free-float and foot restraint operations have been developed to 

replace the pumps during multiple EVAs. 

 

II. Risk Assessment 

Technical risks for the SSA were assessed based on the proposed EVA repair operations. In general, the EVA has 

risks associated with sharp edges and potential contamination of the SSA. The EVA environment and AMS surfaces 

are within acceptable ranges of touch temperatures limits with the gloved hand. Although AMS system will remain 

powered during use, nothing that will be worked on will be powered. Operations are expected to be in less than a 10- 

gauss magnetic field. The scenarios of particular concern include: venting the CO₂ system by cutting through tubing; 

interface with various panels, nut plates, cut tubing, and lock wires that do not meet the 0.01inch (0.25 mm) radius 

requirement for sharp edges; and breaking a carbon fiber vertical support beam (VSB) cover. 

Venting of the CO₂ system will involve cutting through small tubing with a rough cutter. During venting, both CO₂ 

and debris from the pump are released. The pump debris has been characterized and will not cause degradation of SSA 

materials. It was determined that the CO₂ vent stream will be of short duration and low thrust that will not damage the 

SSA. Long term abrasion, electrical, or thermal effects of the pump 

debris are of moderate consequence and very unlikely. The sharp edge 

resulting from cut tubes is of concern as a cut hazard and risk will be 

minimized by operational use of two different cutters and caps. Tubes 

will be cut with a rough-cut tool (bolt cutters). The rough tube ends 

will be capped. A second, smooth cut will be made with a radial tube 

cutter. The loose tube segments, with a rough cut at one end and a 

smooth cut on the other, will be stowed for later disposal. The smooth 

cut tube ends that remain attached to the system will be temporarily 

capped and labeled for later connection to the replacement pump. 

Not all AMS surfaces meet minimum 0.01inch radius 

requirements for sharp edges per NASA-STD-3000 and JSC-26626, 

and additional sharp edges will be created as an unavoidable 

consequence of the repair. Internal sharp edges on AMS-02 were not 

verified to meet minimum sharp edge requirements because repair was 

never intended. Although sharp edges are a concern for all areas of the 

T 

 
Figure 1. AMS-02 on ISS.² 

 
Figure 2. SSA Glove Cut Environment. 
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SSA, the greatest risk is cutting of the SSA glove palm. Gloves have been cut 

on previous EVAs due to sharp edges such as damage left by micrometeoroid 

strikes. The risk is well understood. The glove index finger and thumb have 

been redesigned with improved cut resistance.⁴ Cut tests have been performed 

to determine load required to cut through the glove Thermal Micrometeoroid 

Garment (TMG) protective layer. See Figure 2. Note that typical grasping 

forces with the gloved hand is less than 50 lbs. (23 kg). 

Swatch tests using samples representative of glove fingertips were 

performed on areas of a ground-based trainer AMS that will be handled as part 

of the AMS repair. Assessments were made during SSA-suited crew trials to 

understand crew techniques, grab points and hand holds, debris generation, and 

force applied by crew at potential sharp edge locations. Many concerns were 

alleviated by training procedures for hand positioning and use of EVA aids. 

Existing EVA termination protocol for glove safety, that includes glove 

inspection by crew throughout the EVA are acceptable risk mitigation for AMS 

sharp edges. 

The VSB cover will be snapped to access the repair area, resulting in sharp 

edges and generation of composite (carbon with phenolic resin) debris. An EVA handle will be used in one hand to 

grab, pull, and break the cover. There is a low risk that gloves are damaged by forces exerted during breaking the 

cover. There is low likelihood but large consequence of glove damage from the broken cover and debris. Crew trials 

show that broken edge of the VSB cover which is sharp and jagged can be managed so that it does not contact the 

SSA. However, the 50 mg of debris (average estimate) generated by the break, which is also sharp and abrasive, could 

damage the glove TMG palm and potentially penetrate the TMG and cause damage and leakage. Testing was 

recommended to determine the consequence of VSB cover debris introduced to the SSA Phase VI Glove and the 

viability of gloves to complete the AMS repair EVAs and future EVAs. 

III. Evaluation of SSA Phase VI Glove 

NASA coordinated with ILC Dover to conduct testing of the Phase VI Glove with VSB cover debris generated 

during trials at NASA. Between September and December of 2018, ILC completed testing, including manned cycle 

testing with a Phase VI Glove and VSB debris. 

A. Test Plan 

Testing and evaluation efforts were split into three phases in order to determine the resiliency of each layer of the 

SSA glove assembly to carbon fiber shard penetration. Phase I of testing aimed to determine the resiliency of the 

urethane pressure retaining layer of the SSA glove assembly to puncture or damage by carbon fiber shards. Phase II 

of testing aimed to assess the efficacy of the TMG outer protective layer of the glove in preventing carbon fiber 

penetration into the glove assembly. Phase III of testing recreated functional EVA use scenarios of the glove with 

carbon fiber shards purposely introduced into the glove assembly in order to study the effects of the carbon fiber on 

the complete Phase VI Glove system. 

 

1. Testing Phase I – Urethane Pressure Bladder Resiliency Determination 

Carbon fiber shards from the AMS VSB cover were collected and potted at various 

angles in two epoxy resin pucks as shown in Figure 4. Urethane bladder samples were 

produced and cut into circles to fit a Mullen burst test fixture. The bladder samples were 

then mounted to the Mullen burst test fixture, and the test fixture was mounted onto an 

Instron crosshead. A sample of potted carbon fiber shards was placed below the urethane 

bladder sample, and the bladder was then pressurized to simulate EVA conditions (this 

test configuration can be seen in Figure 5). In order to induce damage to the bladder 

samples, each bladder sample was held at 2.5 psid (maximum certified pressurized load 

on the bladder in the absence of a load bearing restraint layer) and lowered onto a potted 

carbon fiber shard sample, then withdrawn after the bladder made full contact with the 

surface area of the potted shards. During the first two tests the bladder was lowered at 

20 in/min and the bladder was withdrawn from the carbon fiber immediately after full 

contact was made, in order to simulate a ‘stabbing’ motion; on the third, final test, the 

 
Figure 3. Breaking of Carbon 

Fiber VSB Cover. NBL trial using 

EVA tool to snap VSB cover 

VSB 
Cover 

EVA Tool 

 
Figure 4. Typical Carbon 

Fiber Samples Potted in 

Epoxy Resin Puck. 
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pressurized bladder was held onto the shard sample for 60 seconds before 

withdrawing, in order to simulate a more prolonged exposure. To facilitate the 

test conductor freezing the crosshead at the correct moment of this scenario, 

the crosshead speed was lowered to 12 in/min. The tests were repeated until all 

carbon fiber shards were broken or all bladder samples were 

damaged/punctured. Bladder plates were inspected after testing and any 

damage was identified and documented, then bladder samples were used to 

produce two test samples (dogbones) each. The first dogbone sample from each 

bladder was cut so that a part of the urethane sample identified as ‘damaged’ 

from the puncture testing was positioned in the center of the dogbone. The 

second dogbone from each sample was cut from a part of the sample identified 

to be ‘undamaged’ from the puncture testing. The urethane dogbones were then 

tensile tested to failure to observe any differences in the strength between the 

‘damaged’ and ‘undamaged’ urethane. 

 

2. Testing Phase II – Phase VI Glove TMG Carbon Fiber Protection 

Qualification 

To determine the penetration resiliency of the Vectran® TMG palm 

protective outer layer of the SSA glove assembly, first, two coated Vectran® 

glove palms were assembled for testing. The coating was then abraded off both 

fabric samples to simulate a glove’s worst-case condition during use. The first 

sample (Sample A) was mildly abraded, and the second sample (Sample B) was heavily abraded so that the coating 

was barely present. The mass of each palm was measured prior to testing. 

The palms were then stretched taught and clamped between two metal rings 

to form a filter. Mass was recorded for: two samples of approximately 50 

mg of carbon fiber debris, a petri dish, 2 small bags, 2 large bags, and a 

small section of ISS handrail. Once all the masses were tabulated, the 

Vectran® fabric samples were mounted over the petri dish (test setup is 

shown in Figure 6). One EVA’s worth of carbon fiber debris was then 

poured onto the top of the fabric. Test conductors took note of any initial 

passive penetration of the carbon fiber through the fabric, and after 

observations were recorded, test conductors proceeded to simulate EVA 

operations by swiping a small section of ISS handrail across the coated 

fabric covered in carbon fiber debris with low force (approx. 8 lbs.) for one 

minute. The fabric sample was put into a large bag and shaken off to remove 

any non-embedded carbon fiber. This process was repeated for both fabric 

samples. The mass of the bag was measured and recorded again to 

determine the amount of carbon fiber debris that did not penetrate or remain 

embedded into the fabric sample. The mass of the petri dish was measured 

and recorded again in order to determine the amount of carbon fiber that penetrated and fell all the way through the 

fabric sample. The mass of the fabric sample was measured and recorded again in order to determine the amount of 

carbon fiber that remained embedded into the fabric sample. Finally, the mass of the section of ISS handrail was 

measured to ensure there was no carbon fiber remaining on its surface. 

 

3. Testing Phase III – Manned Phase VI Glove Testing to Simulate EVA Conditions 

To prepare for manned glove cycling, one full bag of carbon fiber debris was measured to determine the lengths 

of the carbon shards. After measurements were taken, a histogram of the sizes was generated to aid in determining 

what pieces of debris to introduce to the glove assembly. It was decided that debris added to the glove assembly should 

reflect the results observed in Phase II of testing. To achieve this, the debris from Phase II testing was quantified into 

3 groups: 

• Group A – Debris that remained embedded into the fabric (quantified by mass) 

• Group B – Debris that fell completely through the fabric into the collection dish below (quantified by mass) 

• Group C – Debris shards that visibly protruded through the back of the fabric sample (quantified by number) 

 
Figure 6. Coated Vectran Protective 

Palm Fabric Mounted Over Debris 

Collection Dish. 

 

 
Figure 5. Urethane Puncture Test 

Configuration. The Mullen burst 

air retention fixture is mounted 

(upside-down) to the Instron 

crosshead and lowered onto the 

potted carbon fiber shards. 
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To simulate realistic EVA carbon fiber 

exposure conditions, the quantities of Group A 

were used to determine the amount of carbon 

fiber to be compacted into the glove palm’s 

protective outer layer.  the quantity from Group B 

was used to determine the amount of small carbon 

fiber particulate that should be inserted into the 

glove assembly underneath the TMG of the palm, 

and outside of the structural restraint layer; the 

quantity from Group C, in conjunction with the 

histogram of carbon fiber shard sizes generated, 

were used to determine the number and size 

distribution of carbon fiber shards that were to be inserted into the glove assembly underneath the TMG of the palm, 

outside of the structural restraint layer (see Figure 7). Following this logic, two gloves were prepared with: 

• Group A – 11.25 mg of carbon fiber embedded into the glove palm’s protective outer layer 

• Group B – 2 mg of carbon fiber small particulate inserted into the glove assembly underneath the TMG of the 

palm 

• Group C – 19 carbon fiber shards underneath the TMG of the palm  

In this condition, the right and left gloves were used to perform two and six EVA scenarios worth of cycling 

respectively at 4.3 psid. These numbers are derived from the nature of the AMS mission; the activity that would expose 

the CM to carbon fiber particulate is to occur at the beginning of the first of three EVAs. Each CM flies with a set of 

backup gloves, so the minimum amount of time a glove may be in operation after exposure to carbon fiber debris is 

one EVA. The total number of EVAs required to complete this mission is three EVAs, therefore the maximum amount 

of time a glove may be in operation after exposure to carbon fiber debris is three EVAs. ILC imposed a factor of safety 

of 2.0X on these numbers, resulting in the cycling EVA simulation 

numbers of two and six EVAs. The total number of motions to be 

performed with each glove during manned testing and a 

description of the motions are listed in Table 1. After each set of 

two EVA simulations was completed, the gloves were examined 

with a borescope to scan for any carbon fiber debris penetration. 

In order to fully simulate a worst-case scenario, the silicone pads 

on the exterior of the glove palm, which provide some protection 

and aid in gripping objects, were peeled off the palm of each glove. 

During operation, gloves have occasionally lost these palm pads, 

so ILC wanted to conduct testing without this additional protective 

layer in order to maximize the damage potential of the carbon fiber 

shards, while still representing real world circumstances. 

B. Test Results 

1. Phase I – Urethane Pressure Bladder Resiliency Determination 

Table 2 below shows the peak load induced on each bladder from the carbon fiber shards. As described in the 

testing procedure, Sample 3 was held against the carbon fiber shards for 60 seconds before withdrawal. To facilitate 

this, the strain rate of the crosshead was lowered so that the test conductor could manually freeze the crosshead into a 

desirable position to hold it for 60 seconds. 

Table 1. Amount of Motions Required to 

Simulate Two EVA Activities for One Glove 

FINGER FLEXION/EXTENSION 

Static Handrail Tool 

Electrical Connector 

Tether Hook Tool 

Fluid Connector 

3420 total 

2223 

304 

741 

152 

WRIST ROTATION 

Wrist Rotations 

1482 total 

1482 

WRIST FLEXION/EXTENSION 

Ease/Access Simulated Motion 

152 total 

152 

 

Table 2. Urethane Pressure Bladder Puncture Testing Results. 

Test 

No. 

Bladder 

Sample No. 

Shard 

Sample 

Crosshead Speed 

(in/min) 

Bladder Pressure 

(psid) 

Peak Load on 

Bladder (lbs.) 

1 1 A 20 2.5 5.2 

2 2 B 20 2.5 4.8 

3 3 B 12 2.5 1.6 

One Moonwalker Road, Frederica 

 

 

 

 

 

 

 

Figure7.  Glove Palm Ply-Up.  Typical SSA Glove Palm with 

locations of carbon fiber shards introduced for manned cycle 

testing. 

TMG Palm with 

abraded RTV 

Restraint 

Bladder 

Carbon fiber 

shards 

Pressure 

Glove Exterior 
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Differences in the peak load measured on the bladder may be attributed to the variations in geometry and 

orientation of the carbon fiber shards, and the lower peak load measured on bladder 3 may be attributed to the fact that 

shard sample B had already performed one test, so the previous test may have reoriented, flattened, or even broken 

some of the shards, so they are less vertically oriented. After Test Number 3, all of the carbon fiber shards that were 

prepared had broken from the epoxy resin pucks, which brought testing to a close. Inspection of each bladder sample 

revealed small spots of surface damage on every bladder sample caused by the carbon fiber shards. Some examples 

of this damage are shown in Figure 8. The samples were tensile tested to failure, and the results of the tensile tests are 

tabulated in Table 3. During tensile testing, ‘damaged’ dogbone samples 

from bladder samples 1 & 2 failed outside of the area identified as 

‘damaged.’ The dogbone cut from the ‘damaged’ portion of bladder 

sample 3 (this damaged area was visually observed to be the most 

significantly damaged, and is pictured on the bottom of Figure 8) failed 

at the damaged area, and the discrepancy in the ultimate stress exhibited 

by the samples cut from bladder sample 3 had the highest disparity of 

all 3 sets of samples. Bladder 1 exhibited the least amount of visual 

damage, and this could explain why the differences in the ultimate 

tensile strength of the ‘damaged’ vs the ‘undamaged’ dogbones from 

bladder 1 are within expected variability that the bladder material 

typically displays; inversely, bladder 3 showed the most visual damage, 

coupled with the fact that this dogbone was the only one to fail in the 

‘damaged’ area (this was the sample that had the lowest load applied by 

the carbon fiber, but the load was held for approximately 1 minute), this 

could explain the 24.3% reduction in the ultimate tensile strength from 

the ‘undamaged’ to the ‘damaged’ sample. Based on this small sample 

size, the results from bladder 3 (specifically because this was the only 

sample to fail at a ‘damaged’ area) indicate that damaged urethane may 

exhibit decremented material properties. More testing would be required to confirm this correlation. If no bladder 

damage had been seen, then it could have been concluded that the worst-case carbon fiber exposure was not a risk for 

SSA leakage. However, this was not the case.  
 

Table 3. Material Property Data Recorded from Tensile Testing of Bladder Samples After Puncture Testing. 

Specimen Number Bladder 1 Bladder 2 Bladder 3 

 Damaged 

Sample 

Undamaged 

Sample 

Damaged 

Sample 

Undamaged 

Sample 

Damaged 

Sample 

Undamaged 

Sample 

Thickness (in.) 0.0132 0.0132 0.0138 0.0139 0.0133 0.0127 

Stress @ 100% Strain 

(Represented as a 

percentage of minimum 

nominal value) 

114.4% 

(Within 

Nominal 

Range) 

114.5% 

(Within 

Nominal 

Range) 

104.3% 

(Within 

Nominal 

Range) 

109.7% 

(Within 

Nominal 

Range) 

108.5% 

(Within 

Nominal 

Range) 

108.1% 

(Within 

Nominal 

Range) 

Stress @ 300% Strain 

(Represented as a 

percentage of minimum 

nominal value) 

161.1% 

(Within 

Nominal 

Range) 

164.0% 

(Within 

Nominal 

Range) 

155.3% 

(Within 

Nominal 

Range) 

150.4% 

(Within 

Nominal 

Range) 

155.6% 

(Within 

Nominal 

Range) 

149.8% 

(Within 

Nominal 

Range) 

Ultimate Stress 

(Represented as a 

percentage of minimum 

nominal value) 

173.61% 

Nominal 

154.6% 

Nominal 

156.3% 

Nominal 

183.2% 

Nominal 

145.3% 

Nominal 

192.0% 

Nominal 

Strain at Peak 

(Represented as a 

percentage of minimum 

nominal value) 

100.7% 

Nominal 

98.9% 

Subnominal 

98.1% 

Subnominal 

106.2% 

Nominal 

99.2% 

Subnominal 

107.2% 

Nominal 

 

Figure 8. Bladder Sample Damage. The 

light spots on the images (circled in black ink) 

are deformations in the urethane bladder film 

due to the carbon fiber penetration testing. 

(Bladder 1 is on the top left, Bladder 2 is on 

the top right, and Bladder 3 is on the bottom). 
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2. Phase II – Phase VI Glove TMG Carbon Fiber Protection Qualification  

When the carbon fiber was initially poured onto Vectran® 

Fabric Sample A (Mildly Abraded), none immediately fell 

through into the collection dish. After running an EVA 

handrail over the sample and carbon fiber for approximately 1 

minute, the collection dish under the Vectran® contained 

small carbon fiber particulate. The carbon fiber in the 

collection dish was measured to have a mass of 0.8 mg. When 

the palm was flipped for inspection, 20 shards of carbon fiber 

were observed to have penetrated through the fabric sample 

and remained penetrating through the back side of the 

Vectran®. The Vectran® sample also contained 24.7 mg of 

carbon fiber embedded or stuck in the Vectran® knit. 

When the carbon fiber was initially poured into Vectran® 

Fabric Sample B (Heavily Abraded), none immediately fell 

through into the collection dish. After running an EVA 

handrail over the palm and carbon fiber for approximately one 

minute, the collection dish under the Vectran® contained 

small carbon fiber particulate. The carbon fiber in the 

collection dish was measured to have a mass of 1.4 mg. When 

the palm was flipped for inspection, 18 shards of carbon fiber 

were observed to have penetrated through the fabric sample and remained penetrating through the back side of the 

Vectran®. Shown in Figure 9, the palm also contained 29.8 mg of carbon fiber embedded or stuck in the Vectran® 

knit 

All the masses were recorded with an analytical balance and were used to calculate the values listed in Table 4. 

Table 4 tabulates: 

• The total amount of carbon fiber deposited onto each fabric sample at the start of testing (measured prior to 

testing). 

• The total amount of carbon fiber that fell through the fabric into the collection dish below during testing 

(calculated by subtracting the mass of the collection dish after testing from its mass prior to testing). 

• The mass of the carbon fiber embedded in the Vectran® fabric sample due to testing (calculated by subtracting 

the mass of the fabric before testing from its mass after testing). 

• The mass of the carbon fiber that neither remained embedded into the Vectran® fabric sample nor fell into the 

collection dish. 

Table 4. Masses of Carbon Fiber in Each Location 

 

These test results determined that, carbon fiber shards may penetrate the TMG outer protective layer of the Phase VI 

Glove assembly if: 

• The glove palm is abraded (which may happen due to the repetitive motions inherent in performing an EVA). 

• The glove is exposed to a high concentration of carbon fiber shards (each fabric sample in this evaluation was 

exposed to an approximately 50 mg sample, roughly equivalent to the total amount of debris produced during 

the AMS repair mission). 

• The exposed surface area of the Vectran® is large (a glove TMG palm would nominally have silicone pads 

covering over 50% of the Vectran® fabric surface area). 

 

Vectran® 

Fabric 

Sample 

Level of 

Abrasion 

Total Mass of 

Carbon Fiber 

Deposited (mg) 

Mass of Carbon 

Fiber in Dish 

(mg) 

Mass of 

Carbon Fiber 

in Palm (mg) 

Mass of 

remaining 

Carbon Fiber 

(mg) 

A Mild 50.0 0.8 24.7 24.5 

B Severe 43.0 1.4 29.8 11.8 

 
Figure 9. Carbon Fiber Shards Penetrating 

Through the back of a Vectran Sample after 

Permeability Testing. 
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3. Phase III – Manned SSA Glove Testing to Simulate EVA Conditions 

 Considering the three mitigating risk factors to carbon 

fiber exposure listed in the previous section, it was decided 

that Phase VI Gloves for manned testing should be prepared 

with 11.25 mg of carbon fiber embedded into the TMG outer 

protective Vectran® palm layer, 2 mg of carbon fiber dust and 

small particulate inserted underneath the TMG and outside of 

the structural restraint layer, and shards of varying length 

inserted underneath the TMG and outside of the structural 

restraint layer. Because, during the previous test, 18 and 20 

shards penetrated through the mildly abraded and heavily 

abraded pals respectively, it was decided that an average of 

these numbers should be used to determine how many shards 

should be added to the gloves that would be used for manned 

testing. Therefore, 19 shards were to be added to the glove 

assemblies. 

To determine the size of the 19 shards to be added to the 

glove assembly, one full 50 mg sample of carbon fiber debris 

was sorted; the length of the fibers was measured and 

tabulated. These measurements were then used to develop a 

histogram (shown in Figure 10) to characterize the size distribution of the fibers. This histogram was then used to 

determine the sizes of the 19 shards that were to be added to the glove assemblies, under the assumption that these 19 

shards would generally follow the size distribution of the whole sample. This size distribution is shown in Table 5. 

 

Table 5. Size Distribution of Carbon Fiber Shards to be Added to the SSA Glove Assembly 

Shard Size 

Range 

(mm) 

0
.8

2
 - 

1
.5

7
 

1
.5

7
 - 

2
.3

2
 

2
.3

2
 - 

3
.0

7
 

3
.0

7
 - 

3
.8

2
 

3
.8

2
 - 

4
.5

7
 

4
.5

7
 - 

5
.3

2
 

5
.3

2
 –

 

6
.0

7
 

6
.0

7
 - 

6
.8

2
 

6
.8

2
 - 

7
.5

7
 

7
.5

7
 - 

8
.3

2
 

8
.3

2
 - 

9
.0

7
 

9
.0

7
 - 

9
.8

2
 

9
.8

2
 - 

1
0

.5
7
 

Number of 

Shards 
1 2 4 3 1 1 1 1 1 1 1 1 1 

 

The right glove was cycled to six EVAs, and the left glove was cycled to two EVAs using the cycle scenarios 

defined in Table 1. During the first EVA of cycling, two test subjects felt a poking sensation in the finger crotch between 

the middle and ring finger on the right hand. Inspection of the area described by the test subjects revealed no visible 

carbon fiber shards. After the glove was thoroughly inspected with a borescope, testing resumed. No further anomalies 

were reported by test subjects during the remainder of testing. Both gloves received leak checks and borescope 

inspections at intervals of two EVAs worth of cycling, so that the right glove received three inspections, and the left 

glove received one inspection. Leakage rate of the gloves remained within specification and unchanged throughout 

testing. No anomalies were discovered during borescope evaluations of the left glove. During the borescope evaluation 

of the right glove between the fourth and fifth simulated EVA scenarios, a probable shard of carbon fiber was visible 

through the urethane pressure bladder at the tip of the middle finger. The same piece of carbon fiber, in the same 

location was also noted in the borescope inspection of the glove following the sixth simulated EVA scenario. This is 

illustrated in Figure 11. Because this shard was inserted into the glove between the outer protective layer and the 

structural restraint, and is visible on the pressure bladder layer, it must have worked through the structural restraint 

layer during cycling. Upon completion of manned cycle testing, the gloves were disassembled. Each layer was 

separated for inspection. Almost all the carbon fiber shards remained outside of the structural restraint layer of the 

glove, indicating that they did not easily migrate through the glove assembly toward the bladder. It was noted that 

there was a high density of particles collected at the finger crotch between the ring and middle finger on the right hand, 

where subjects initially noted a poking sensation at the beginning of manned cycle testing.  

 

 

 

 

 

 
Figure 10. Distribution of Carbon Fiber Shard 

Length in a 50 mg Sample. 
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During inspection, only four carbon fiber shards were noted to have 

penetrated the restraint:  

• One shard was noted at the tip of the right middle finger on the glove 

bladder; due to the location, we can infer that this is the same shard 

seen in the borescope inspections (This shard is shown again in 

Figure 12). 

• One shard was noted at the tip of the left pointer finger on the glove 

bladder 

• One shard was removed from the interior of the left restraint on the 

thumb tip 

• One shard was removed from the interior of the right restraint on the 

middle finger tip 

During further inspection of the urethane glove bladder under 10X 

magnification, a small spot was noted at the crotch between the ring finger 

and middle finger on the left hand (shown in Figure 13). This spot appeared 

to be visually similar to the spots observed on damaged urethane bladder 

plates in Phase I of testing. This spot was further examined under 50X 

magnification (shown in Figure 13 inset), and though inconclusive, it 

appears to be a small gash in the surface of the urethane. 

C. Discussion of Results 

In order to determine risk to the Phase VI Glove assembly from AMS 

EVA repair operations that required breaking a carbon composite VSB, 

worst case conditions were evaluated. The amount of carbon fiber 

introduced to the test Phase VI Glove and the worn condition of the glove 

TMG ensured that results could be used to address worst possible 

outcomes of the repair. In addition, manned cycling was performed to a 

factor of two over the expected number of glove cycles for the repair 

mission. From the test results listed above, three key conclusions can be 

reached: 

• Though it is unlikely, it is possible for carbon fiber to penetrate the 

outer layer of the Phase VI Glove assembly if the glove palm is well 

worn. 

• Though it is unlikely, longer carbon fiber shards can penetrate 

through the structural restraint layer of the Phase VI Glove assembly 

and reach the urethane pressure bladder layer in less than six EVAs 

worth of manned cycling. 

 
Figure 13. A Small Light Spot on the 

Urethane Bladder Indicates Possible 

Damage to the Bladder. 

 
Figure 12. Carbon Fiber Shard Stuck 

to the Outside of the Urethane Pressure 

Bladder. This shard is located at the tip of 

the right-hand middle finger. Due to its 

location, it is assumed this is the same 

shard pictured in Figure 11.  

 

 

 
Figure 11. Carbon Fiber Shard Visible on the Outside of the Urethane Pressure 

Bladder. This shard of carbon fiber was visible through the urethane bladder on the four 

EVA inspection (left) and six EVA inspection (right). 
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• If a shard of carbon fiber manages to penetrate the Phase VI Glove assembly and reach the urethane pressure 

layer, it can create visible deformations in the urethane. Though, as illustrated in Phase I testing there is a weak 

correlation between these deformations and any negative effects to the material properties of the urethane. 

Further testing would be necessary to determine strength characteristics of urethane after being pricked with carbon 

fiber shards, but of the three urethane samples tested, only one showed a significant difference in elongation at 

failure, while all the samples showed visible signs of damage due to carbon fiber shards. 

IV. Conclusion 

The EMU Space Suit Assembly is designed and built to ensure man’s survival in the harshest of conditions. Due 

to the rigid design constraints of the SSA, the robust softgood components of the suit demonstrate high resistance to 

external object penetration, and high damage tolerance, as evidenced by the testing detailed in this paper. Testing was 

necessary to establish risk associated with AMS repair, specifically breaking of the VSB cover. NASA took a three 

phased approach. First the risk of damage to the pressure retention layer and the possibility of carbon shard penetration 

through the TMG were determined. This allowed functional manned testing of a Phase VI Glove exposed to a realistic 

worst-case condition. It was concluded that carbon fiber shards from breaking the VSB cover have a low likelihood 

of penetrating the Phase VI Glove assembly’s protective outer layer. Additionally, carbon fiber that has penetrated the 

outer layer of the glove assembly has an extremely low likelihood of making its way to the urethane pressure layer. 

Since these are both low likelihood events, the likelihood of both happening together are extremely low. The testing 

performed by ILC Dover provides a good understanding of SSA risk associated with the AMS repair mission. The 

value of manned pressurized functional testing has been demonstrated. With these conclusions in mind, NASA feels 

confident that the Phase VI Glove assembly will be able to protect the crewmember in the instance of EMU exposure 

to sharp carbon fiber debris due to on-orbit operations of the AMS repair. 
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