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Injuries to the hands are common among astronauts who train for extravehicular activity. 
When the gloves are pressurized, they restrict movement and create pressure points during 
tasks, sometimes resulting in pain, muscle fatigue, abrasions, and occasionally more severe 
injuries such as onycholysis. A brief review of NASA’s Lifetime Surveillance of Astronaut 
Health injury database reveals that 76% of astronaut hand and arm injuries from training 
between 1993 and 2010 occurred to the fingernail, finger crotch, metacarpophalangeal joint, 
or fingertip. The purpose of this study was to assess the potential of using small sensors to 
measure forces acting on the fingers and hand within pressurized gloves and other variables 
such as skin temperature, humidity, and fingernail strain of a NASA crew member during 
typical Neutral Bouyancy Laboratory (NBL) training activity. During the 5-hour exercise, the 
crew member seemed to exhibit very large forces on some fingers, resulting in higher strain 
than seen in previous glovebox testing. In addition, vital information was collected on the glove 
cavity environment with respect to temperature and humidity. All the information gathered 
during testing will be carried forward into future testing, potentially in glovebox or 1G or 
NBL suited environments, to better characterize and understand the possible causes of hand 
injury among NASA crew members. 

Nomenclature 
EMU = Extravehicular Mobility Unit 
EVA = extravehicular activity 
FSR = force-sensitive resistor 
HPEG = High Performance EVA Glove 
LSAH = Lifetime Surveillance of Astronaut Health 
MBSU = main bus switching unit 
NASA = National Aeronautics and Space Administration 
NBL = Neutral Bouyancy Laboratory 
PGT = Pistol Grip Tool 
SSRMS = Space Station Remote Manipulator System 
WETF = Weightless Environment Training Facility 

I. Introduction 
he goal for this year’s High Performance Extravehicular Activity (EVA) Glove (HPEG) sensor suite study was to 
demonstrate the effectiveness of using the glove sensor suite and the miniature 51-channel data logger system in 

capturing environmental and physical conditions inside a pressurized suit during an EVA training run at the Neutral 
Buoyancy Laboratory (NBL).  

Injuries to the forearms, hands, and fingers are common among astronauts who perform and train for EVAs. Many 
of these injuries refer to the gloves worn during EVAs as the root cause. The pressure bladder and outer material of 
these gloves restrict movement and create pressure points, resulting in various discomforts and injuries such as pain, 

                                                             
1 Senior Project Engineer, NASA-JSC Crew and Thermal Systems Division, Space Suit and Crew Survival Branch 
2 Senior Electrical Engineer, NASA-JSC Anthropometry and Biomechanics Facility, Johnson Space Center 

T 



 
International Conference on Environmental Systems 

 
 

2 

muscle fatigue, abrasions, and occasionally a more severe injury – onycholysis (fingernail delamination). According 
to injury reports from Lifetime Surveillance of Astronaut Health (LSAH), the most common causes of both training 
and EVA upper-extremity injuries are glove contact pressure points, a non-ideal glove fit, or performing EVA tasks 
while wearing the glove.  

A review of LSAH injury database reveals that 124 hand-related incidents have been reported since 1984 for in-
flight EVAs and 87 incidents for training activities, with one occurring in the Weightless Environment Training 
Facility (WETF) in 1998 and the remaining in the NBL since 2002. Injury prevalence data from 1998 to 2010 show 
that approximately 19% of the crew population has experienced an injury after training in the WETF or NBL.  

Given this history, the purpose of this study was to evaluate the effectiveness of using the glove sensor suite and 
data logger system for acquiring and storing environmental and physical variables acting on the subject’s hands inside 
a pressurized suit during a 4-hour EVA training run at NASA’s NBL. The primary objectives of this study were: 

1) Develop a feasible method for measuring tactile forces, strain, temperature, and relative humidity on the finger 
and hand while performing tasks in a fully sealed, pressurized Extravehicular Mobility Unit (EMU) spacesuit in a 
Nitrox environment. 

2) Develop a plug-and-play hardware platform for monitoring activity from within the glove, and an 
accompanying software tool for rapid analysis. 

3) Develop a method of powering the electronic data loggers, signal conditioners, and sensors using the NBL’s 
existing 152-m (500-ft) umbilical. 

4) Evaluate a new intrinsic safe temperature and relative humidity data logger from Maxim Electronics for use in 
future pressurized suit testing. 

5) Obtain viable data that can be associated with the LSAH injury data and literature. 

II. Methods 
The test team worked with the EVA office and the NBL to select a test run where a participant was willing to wear 

the sensor garment belt and capture test data for his or her particular tasks. A male astronaut, EV1, who was assigned 
to an EVA training run on July 11, 2016, volunteered to wear the sensor garment system. The purpose of the training 
run on July 11 was to remove and replace the main bus switching unit (MBSU) using the Space Station Remote 
Manipulator System (SSRMS) in the single string configuration. 
 The sensor suite consisted of force-sensitive resistors (FSRs), strain gauges, thermocouples, and relative-humidity 
sensors placed on various locations on the subject’s left and right hands and torso area. Pictures of the carrier glove 
and sensor suite are shown in Fig. 1 and Fig. 2. The 51-channel data loggers were configured into four separate stacks 
and stored at four different locations on a custom belt worn by the test subject. Each stack consisted of a base module 
and several signal-conditioning modules where sensor data were routed to and stored on the flash memory of the base. 
The data collected this year will help researchers quantify the gloved environment and understand the physical 
parameters acting on the subject’s hand, thus providing a foundation for determining a threshold of injury. 

The subject was an astronaut and medical doctor who is familiar with pressurized suited testing at the NBL. The 
test subject was identified as being right handed and free of hand, finger, and fingernail disorders or injuries at the 
time of testing. However, the subject did have a history of previous injuries, most notably, repeated onycholoysis on 
various fingers.  Prior to testing, the subject was informed in written and verbal form of the nature of the study and 
signed all related informed consent documents approved by the Johnson Space Center Institutional Review Board.  
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Figure 1. Subject wearing instrumented sensor glove. Sensors are placed on subject’s 
fingernails, finger pads, and fingertips. Sensor wiring is routed to electrical connectors 
on the subject’s wrist using elastic fabric channels embedded on the glove. 
 

 
 

Figure 2. Sensor garment belt housing the battery packs, external signal 
conditioners, and data logger units. Special pouches with loop and pile 
fasteners were made to keep the equipment in place during testing. Primary 
power (24V / 1.9A) cables were placed in Gore-Tex® tubing or wrapped with 
glass tape to reduce electrical hazards.  
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Data were captured throughout EV1’s training run to remove the MBSU unit, and a few specific hand tasks were 
added at the end. The test day started at 6:00 AM with a skin temperature baseline collection followed by placement 
of FSRs and strain gauges on the test subject at 9:00 AM. Once the strain gauges and FSRs were placed on the test 
subject, the subject stood with hands stationary and toward the side while the test team zeroed each individual strain 
gauge. An unsuited strain, FSR, temperature, and humidity baseline was done. EV1 started the suit donning process 
at 10:26 AM and the suit was closed at 10:52 AM. Baseline data of the force and strain gauges was collected during a 
quiescent period during suit weighout. Testing was completed at 3:00 PM. Fig. 3 and Fig. 4 show the various stages of 
the installation of the 51-channel data system inside the EMU. 

 

 
  
 
  
  
 
 

 
 
Figure 3. Lower forearms were wrapped with self-adherent medical wrappings to prevent sensor cabling 
from being snagged during suit ingress. 
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The 33 various sensors used for measuring tactile force, strain, temperature, and humidity were attached to the 

dorsum and palmar sides of the hands (Fig. 5). Information regarding each sensor type and the data logger used are 
summarized below. 

 
 
 
  
 

 
 
Figure 4: Subject wearing the embedded data acquisition system, the suit hard upper torso assembly, 
and the lower torso assembly before the EVA training run. 
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Specific sensors used include: 
1) FSR – Large and small FSRs with Teflon® pucks adhered to them were used to measure finger contact forces 

on the finger pads and fingertips. Teflon pucks were employed to ensure a flat and semi-rigid substrate, which in 
previous tests were shown to vastly improve sensor accuracy. Large, 0.952 cm (0.375-in) diameter FSRs (Tekscan 
Inc., South Boston, MA, USA) were attached to the finger pad of the middle, index, and thumb of the right hand. The 
left hand sensors were located in the same position with the exception of the middle tip sensor, which was moved to 
the fingernail of the ring finger. The rationale for this deviation was that the test team wanted to see if FSRs could be 
used to directly measure force imparted on the fingernail from the glove fingertips during certain tasks, and how it 
would compare to data from strain gauges. Small, 0.5-cm (0.2-in) diameter FSRs (Interlink Electronics, Westlake 
Village, CA, USA) were attached to the fingertip of the middle, index, and thumb of both the right and left hands. A 
typical setup of a large and small FSR with the Teflon pucks is shown in Fig. 6. 

  
 

 
 

Figure 5. Glove sensor setup for dorsal and palmar sides of the hands. 
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2) Strain Gauge Sensor – Strain gauges (HBM, 

Darmstadt, Germany) were placed on the approximate center 
of the fingernail of the thumb, index finger, and middle finger 
of both the right and left hands. The sensors were temporarily 
bonded to the subject’s fingernails (Fig. 7) using Precision 
Nail Glue (cyanoacrylate) between the bottom of the sensor 
and the top of the fingernail. An additional coating of Hard-
as-Nails fingernail hardener was added to the surface of the 
strain gauge and fingernail to protect the strain gauge 
installation site from moisture and mechanical damage. The 
purpose of these sensors was twofold: first, to determine a 
secondary method of capturing finger pad and fingertip 
forces if the current method of sensing force was not 
working; and second, to measure fingernail deformation 
during different activities. The deformation, or strain, would 
allow the team to observe whether delamination of the nail or 
damage to the nail/skin structure was occurring by observing 
changes to the strain values as a function of time or activities. 
A biaxial strain gauge was used to measure strain in the 
transverse and axial directions. These terms are described 
below. For these sensors, a positive (+) value represents 
compression, whereas a negative (-) value represents tension.  

a. Transverse Forces: Transverse compression is 
described as a pushing force across the width of the 
fingernail. This application of force would cause the 
fingernail to bend along the longitudinal axis. Transverse 

tension is described as a pulling force across the width of the fingernail. Application of this force would cause the 
fingernail to flatten transversely.  

b. Axial Forces: Axial compression is described as a pushing force along the length of the fingernail. This 
application of force would cause the fingernail to bend along the transverse axis. Axial tension is described as a 
pulling force along the length of the fingernail. 
Application of this force would cause the fingernail 
to flatten longitudinally. 

3) Thermocouple Sensor: Thermocouples (Omega 
Engineering, Stamford, CT, USA) were used to capture 
temperature differences within the suited environment. 
To capture internal suit temperature along the upper 
torso, a thermocouple was fixed inside a pocket of the 
waist belt near the lower back. To capture skin 
temperature of the hands inside the suit glove, 
thermocouples were attached to the dorsal surface of the 
right and left middle fingers, distal to the 
metacarpophalangeal joint. All sensors were attached 
using double-sided tape. The electrical signals from the 
thermocouples were routed to an Analog Device 
AD8495 thermocouple amplifier for amplification and 
linearization before being stored in data logger flash 
memory. All output voltages were converted to 
temperature units in degrees Fahrenheit.  

4) Humidity Sensor: Honeywell HIH-4030 
humidity sensors (Honeywell, USA) (Fig. 8) were used 
to measure the relative humidity within the suit glove. 
Due to packaging limitations inside the glove, the 
sensors were not placed on the same fingers as the 
thermocouples.  Instead they were attached to the dorsal 

 
 
Figure 6. FSRs with attached Teflon pucks. 
The sensors were fixed directly to the skin of the 
finger using double-sided tape to prevent 
migration during testing. 

 
 
Figure 7. Strain gauge installed on nail. 
 



 
International Conference on Environmental Systems 

 
 

8 

surface of the right and left index fingers, distal to the 
metacarpophalangeal joint using double-sided tape and 
fabric tape. A torso location was also used in the waist 
belt near the lower back. 

 
 
5)  Temperature and Relative Humidity Logger: 

Intrinsic safe Maxim DS 1923-F5# temperature and 
relative humidity loggers, shown in Fig. 9, were added 
to determine the feasibility of using them in future 
pressurized suit tests to capture temperature and 
humidity conditions. A fabric pocket was added to the 
left- and right-hand comfort gloves to house them. A 
torso location was also used in the waist belt near the 
lower back. 

A 51-channel DTS (Diversified Technical 
Services, Seal Beach, California, USA) data logger 
was used to acquire the environmental and physical 
data inside of the pressurized suit. Video of the testing 

along with event markers, generated by a pulse-generating circuit on 
the pool deck, were collected during training and were later used to 
synchronize with the analog data that were stored in flash memories 
within the data logger units. Event markers were generated during 
testing and used in post-test-processing to synchronize the data with 
the events.  

III. Results 
The test data collected this year, although not 100% 

comprehensive due to sensor failures throughout the testing, 
provided the following insights and perplexities surrounding a 
typical EVA training run: high finger forces are generated, finger 
forces are not distributed symmetrically across the fingers and hands, 
high momentary strain spikes occur, and high temperature and 
humidity levels occur inside the gloves due to poor ventilation. 
Forces generated by the subject’s left middle finger pad and right 
thumb consistently exceeded 50 lbs. during the various EVA tasks. 
The high outputs eventually saturated around 54 lbs. due to the gain 
settings on the electronic amplifier units. The FSRs with the high 
outputs were rechecked post-test to ensure the outputs were 
functional and accurate to the second order polynomial equations 
that were assigned to them to convert sensor output to force. While 
this does seem quite high, based off subsequent checkout of the 
sensors and a grip dynamometer test with the subject, coupled with 
the fact that the Teflon puck backing prevented flexion, it seems 
unlikely that these force readings are incorrect.  Otherwise, all other results indicated the FSRs were functioning 
correctly during testing.  

A brief summary of each sensor’s performance and time when each failed is documented below.  
1. FSRs – The six large and small FSRs successfully completed the 4-hour test run. A few failed during the suit 

doffing process where high forces were exerted on the gloves to remove them. 
2. Strain gauges – The strain gauges failed throughout the testing due to mechanical stress on the wiring. The 

number of strain gauges surviving as a function of test length is documented below. A total of 12 strain gauges were 
installed during this test run. 

a. 25% mark (3,930 seconds into the test) – 11 gauges are functional. 
b. 50% mark (7,860 seconds into the test) – 8 gauges are functional. 

 
 

Figure 8. Honeywell humidity sensor. 
 

 
 
Figure 9. Intrinsic safe Maxim DS 1923 
temperature and humidity logger. 
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c. 75% mark (11,790 seconds into the test) – 3 gauges are functional 
d. 100% mark (15,720 seconds into the test) – 0 gauges are functional  

3. Thermocouples – The left-hand thermocouple survived the test run but the right-hand and torso thermocouples 
failed about half way through the run. Post-test analysis of the right-hand thermocouple showed that the failure was 
caused by a miniature separation of wiring at the thermocouple alloy and the extension wiring during finger extension.  

4. Relative Humidity Integrated Circuits – The right-hand humidity sensor integrated circuits failed during 
testing.  

5. Maxim DS 1923-F5 – Completed the test run. The data from the three Maxim DS 1923-F5 loggers differed 
slightly in value but followed the same saturation trend exhibited from the thermocouples and relative humidity 
integrated circuits. The difference in value can be attributed to sweat on the glove fabric and sensor placement 
locations. It is harder for sweat and condensation to penetrate the sensors inside the Maxim DS 1923-F5 sealed casing.  

During the NBL run, the subject was repeatedly queried for any comfort, mobility or fit issues resulting from the 
glove sensing hardware.  The feedback was consistently that they did not impose any issues at all, until about 15 
minutes prior to the end of the run when he mentioned a “poking feeling” on his index finger.  This was likely due to 
an FSR sensor coming loose and the corner of the plastic substrate poking into the skin. Other than that, the subject 
had no complaints regarding the glove, sensors, or other electrical equipment used in this test. No injuries occurred to 
this subject during the test. 

IV. Analysis 
To make data analysis more manageable, specific tasks were highlighted during the run and marked for future 

detailed analysis. These tasks were then grouped into the following categories: Pistol Grip Tool (PGT) Tasks, 
Translation Tasks, Ingress/Egress, and General Hand Tasks. These tasks were compared against the weighout period 
of the NBL run, which served as a baseline. For the purposes of this paper, a detailed analysis of discrete tasks is not 
included here, but instead grouped and summarized by task, hand and anatomical location below.  The highest RMS 
value and Peak of force were used. Table 1 shows the highest RMS value and Peak force across Thumb Pad/Tip, Index 
Pad/Tip, and Middle Pad/Tip for both left and right hands.  Table 2 shows the highest RMS value and Peak force 
across all fingerpads on the Left/Right hand, grouped by task. Table 3 shows the highest RMS value and Peak force 
across all fingertips on the Left/Right hand, grouped by task.  

 
 

 

 

Table 1. Hand Forces Summary for Complete Duration of Test 
 

 

Table 2. Finger Pad Forces – Highest Force RMS and Force by Hand and Task Group 
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In addition, tasks were analyzed on an individual basis, often over very short periods of time and compared against 

the corresponding synced video. Shown below is an example of an 8-second segment of a translation task where EV1 
reoriented his body with his left hand; Fig. 10 are screenshots of the video in 1-second intervals, while Fig. 11 is the 
corresponding data over the same course of time. 

 

 
 

 
 
 
 

Table 3. Finger Tip Forces – Highest Force of RMS and Force by Hand Task Group 
 

 

 
 
Figure 10. Reorientation of body position corresponding to following plots. 
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Figure 11. Left hand during body reorientation during translation. 
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Lastly, a temperature and humidity profile for the entire run is shown in Fig. 12. Left-hand, right-hand, and torso 
values are included. 

 

 
Below is a high-level summary of the general findings resulting from this detailed analysis: 
 

• Comparison of fingernail strain values between the weighout baseline and PGT and Translation tasks 
show that average strain is approximately 50% higher in PGT and 120% higher in Translation than the 
baseline; similarly, when comparing maximum strain values during these tasks, they were approximately 
400% higher than the weighout baseline. 

• PGT and translation tasks demonstrated the highest forces and fingernail strain of all tasks with complete 
data; however, given the significant portion of the NBL run devoted to translation tasks (in excess of 40 
minutes), as compared to only about 3 minutes of active PGT use, it appears as though translation is by 
far the most dominant injury potential mode seen in this run. 

• Initial analysis yielded the theory that the required activation force of the PGT was at least partially 
responsible for the increased forces and strain; however, after discussions with the crew subject, it was 
determined that the PGT activation force is actually quite low.  In addition, the grip on the PGT is 
relatively weak until the socket seats on the bolt head, at which point the subject grips tightly to keep 
everything aligned, the bolt engaged and counter competing forces. 

• The crew member tended to use predmoninatly the middle fingers and thumbs during all tasks, and 
especially during translation. As seen in the preceeding data, the subject regularly exceeded 40 pounds of 
force on the fingers, often saturating the sensor beyond its limit. 

 
 
Figure 12. Temperature and humidity profile of typical NBL run on hands and torso. 
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• A phenonomen was often observed where strain gauges on the fingernail would have a sudden and 
momentary spike corresponding with a sudden change of force on the finger. We theorize that this was 
due to the fingernail skipping across the inside of the bladder during a gripping or releasing motion, but 
further investigations are warranted.  

• The temperature and humidity sensors demonstrated that temperature was already high (~29°C [85°F]) 
during suit ingress, likely due to them being encapsulated in pockets near the skin. Torso temperature did 
not change appreciably during the test, while hand temperatures increased to about 35°C (95°F) at one 
point. 

• Humidity sensors indicate that relative humidity on the hands rose from approximately 50% to 92% 
within 90 minutes of suit donning, at which point they entered a steady-state position at 92% for the 
remainder of the run. Meanwhile, torso humidity only increased slowly over the course of the run to 65%. 

V. Conclusions 
 The successful data collection on July 11, 2016, demonstrated that it is possible to collect both environmental and 
physical factors that might contribute to hand injuries while inside a Nitrox environment during an EVA training run. 
The road to getting test equipment inside the EMU was difficult. Technical issues and other difficulties, such as getting 
funding to modify the existing NBL umbilical infrastructure to route power and data into the suit, powering the 51-
channel data logger system using 30 VDC at 2 amps over 500 feet of wire, and finally certifying the hardware as 
intrinsically safe for use in a Nitrox environment, were encountered. However, the reward is that the wiring 
infrastructure is now in place for researchers to collect additional test data to help suit engineers and ergonomists 
understand the interaction between the crew member and the suit. In addition to the success of the wiring 
infrastructure, the test team demonstrated that the commercial off-the-shelf miniature data system manufactured by 
Diversified Technical Services is capable of capturing vast amounts of data while taking up limited space inside a 
pressurized suit.  
 The overall objectives of proving feasibility of collecting data in the NBL during an EVA training run were met.  
In addition, even with only a sample size of one, the test provided some valuable insight with respect to possibly 
reducing crew injury in the future.   
 

VI. Recommendations 
 

 As a result of the analysis and findings highlighted herein, several preliminary recommendations can be drawn 
that could be further investigated with the intent to reducing injury to the crew: 

1. Consider repositioning the test subject or worksite to better facilitate two-finger trigger activation on the PGT. 
2. Consider limiting the time the subject is translating during NBL training. Given this type of task is not only 

the most time consuming, but also generates the highest forces, any operational controls minimizing excessive 
translation that is not required for basic training could be implemented. 

3. Consider limiting the time the subject is translating on his or her back during NBL training. Gravity will cause 
the subject’s hands to move out of the EMU gloves, which creates a gap at the glove’s fingertip areas. 

4. Perform an anthropometric assessment of the subject’s overall EMU suit fit and help the suit contractor select 
the necessary suit components to eliminate gaps and other discomforts before the NBL training run.  

5. Add a visual indicator to the PGT to tell the user the required force was applied for tool activation. 
6. Examine PGT handle span and subject anthropometric measurements to determine if the thumb and fingers are 

overextended during tool activation. 
7. Consider possible implementation of an electronic grip assist to the glove to help assist the user during hand 

tasks. 
8. Examine the current EVA handrail to determine if mechanical changes could be made to reduce the necessary 

gripping force or to prevent the fingertip areas of the EMU glove from folding during translation tasks. 
In addition, contextual analysis of the collected data using synced video supports the possible conclusion that this 

sensing platform could be used as a valuable training tool for crew. For instance, as discussed in this report, the 
particular crew member used as a subject in this NBL run was primarily using his middle fingers and thumbs to exert 
force and grip the International Space Station structure during translation and body-orientation changes, possibly 
exceeding the necessary force. Even tasks such as grabbing a tool bag handle to open it showed that an excess of 20 
pounds of force was used, significantly more than may be necessary to complete the task. Presumably, this is a result 
of the loss of tactile feedback in the pressurized glove and the confirmation that an object is being held or controlled; 
this detriment results in overcompensation using excess force to ensure that the object in question is being held. There 
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may be significant value in collecting data on a crew member’s run, and developing a series of specific feedbacks to 
show the crew and help them understand how they might be able to perform tasks in a slightly different manner, which 
may result in a reduced risk of injury. It is recommended to complete another training run using a different crew 
member, perhaps one with no history of injuries, to verify if this may be a valuable training tool. 

Lastly, envirornmental conditions near the hand (temperature and relative humidity) indicate that moisture on and 
near the hand is a significant issue that may be contributing to softening of the fingernail, which could lead to an 
increased risk of onycholysis. It is highly recommended that this sensor platform is continued going forward to further 
characterize other crew members in typical NBL runs. In addition, investigation of the possibility of extending the 
Liquid Cooling Ventilation Garment vent duct closer to the hands is highly recommended, and this sensing platform 
could be employed to evaluate the extent to which such a change mitigates the high temperature and humidity 
environment within the EMU during training.  

Future tests will be able to leverage lessons learned from this and other tests with this sensing platform to further 
reduce sensor failure and increase data quality. Increasing survivability of the strain gauges and FSR connections is a 
main priority.  Possible incorporation of other sensor types, including shear force or finger blood perfusion, continue 
to be investigated; however, several years of previous work demonstrated that these sensors were either too inaccurate 
when miniaturized to the extent necessary, or still too large and pose comfort issues for the subjects.  In addition, 
future tests would likely require a new comfort glove carrier due to extensive use of the gloves used in this test.  
Improvements could be made, including better strain relief and better wire management above the wrist. 
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