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Final Frontier Design (FFD) has designed, developed, manufactured, tested, and 
delivered to NASA a new design of Mechanical Counter Pressure (MCP) Space Suit glove.  
The design utilizes inflatable pockets running over the wrist and hand, with an inflatable 
wrist seal to impart pressures adequate for exposure of the hands to -222 mmHg (4.3 psi).  
The MCP glove was tested with multiple subjects in a depressed glove box.  The gloves 
imparted counter-pressures within 20% of the operating differential through their flexion 
range.    The MCP glove design is the result of more than 4 years of MCP glove design and 
development at FFD, and included 4 complete iterations prior to deliverable build and 
testing.  The MCP glove represents an alternative to pressurized gloves, potentially 
increasing hand mobility and tactility while greatly reducing weight. 

Nomenclature 
 
EMU  = Extra-Vehicular Mobility Unit 
FFD  = Final Frontier Design 
FSR  =  Force Sensitive Resistor 
HPEG  = High Performance EVA Glove 
ICES  = International Conference on Environmental Systems 
MCP  = Mechanical Counter Pressure 
MIT  = Massachusetts Institute of Technology 
NASA  = National Aeronautics and Space Administration 
PL  = Pressure and Leakage 
PVT  = Pressurized Volume Transition 
SAS  = Space Activity Suit 
scc/m  = Standard Cubic Centimeters per Minute 
SFM  = Size, Fit, and Mobility 
SM  = Structure and Mass 
SPSS  = Surface Pressure Sensing System 
TRL  = Technical Readiness Level 
UM  = University of Maryland 

I.  Introduction 
 

A. MCP Background 
Mechanical Counter Pressure (MCP) is a technique for protecting the human body from atmospheric pressure 

differentials, by means of compressive garments.  MCP space suits trace their history back to at least the 1950s.  The pioneer 
Hans Mauch developed a MCP suit for space flight in the X-20 Dynasoar in 1959, based on compression using expanding 
closed-cell foam contained in pockets.1 The Mauch MCP suit was discontinued because of its relative lack of mobility, 
although it was built to prototype stages (Figure 1).  The next major attempt at a MCP suit was from Dr. Paul Webb with 
NASA support; Dr. Webb published the concept in a detailed paper entitled “The Space Activity Suit: An Elastic Leotard for 
Extravehicular Activity” for the April 1968 issue of Aerospace Medicine.   Paul Webb’s Space Activity Suit underwent 
preliminary depressurized testing in the late 1960s and early 1970s (Figure 2), the results of which were promising.  
However, the Webb suit was difficult to don and doff, and created discomfort and bruising in concavities of the body.5   

There was a relative lull of activity in the MCP suit technology following the Webb experiments, and through the 
1980’s and 90’s MCP technology had relatively little attention beyond Dr. Webb.  Beginning in the early 2000s, MIT’s 
AeroAstro Department, with support from NASA, has developed multiple case studies in the feasibility of MCP technology, 
spearheaded by Dava Newman.  MIT’s Biosuit concept is perhaps the most well known contemporary example of MCP 
space suit design.  It utilizes lines of non-extension to impart shape-change compression on the body.  Her department has 
also developed new concepts of the helmet, life support, and mobility elements.  However, the Biosuit generally relies on 
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shape-change materials that are not currently adequate for high differential testing on the body.  As far as is known by the 
author, maximum documented depressurized testing of the Biosuit on a human was to -150 mmHg (-2.9 psi) on the foot.9 

 

Figure 1. (Left)  Hans Mauch MCP Suit1 

Figure 2.  (Right)  Dr. Paul Webb in the Space Activity Suit5 
 
B. MCP Gloves 

As with pressurized suits, the glove represents a problematic design challenge for MCP suit designers.  The hand 
itself has a lot of mobility, with more than 20 individual joints, and also has complex flat and concave geometries that are 
difficult to compress evenly.  Because of the critical need of astronauts to effectively use their hands, space suit glove design 
represents one of the biggest enclosure challenges.  Making an effective MCP glove is challenging because of the complex 
geometries of the hand, the very large range of motion and number of joints, and the need to minimize bulk and restraint lines 
for effective mobility use. 

Webb, along with Honeywell and NASA, revisited the SAS’s MCP gloves in 1999-2000, developing and testing a 
MCP glove tested in depressurized scenarios to 181 mmHg (-3.5 psid) (Figure 3).   Extensive medical evaluations were 
included in the glove testing, including local blood flow measurements.   One test involved exposing subjects to local (over 
the hand) lower pressures without compression, and measuring the percentage increase in diameters of the fingers after 
varying pressures and time.4  The glove included a pressurized pocket over the hand body area to help compress the palm and 
dorsum, along with several layers of compressive and restraint elements.  The multiple layers have been faulted for being 
difficult to don.  The Honeywell glove was deemed promising but no further development was funded.   

In addition, both the University of Maryland (UM) and MIT have developed MCP glove prototypes.  UM utilized a 
combination of pressurized and MCP elements, a “Hybrid Elastic EVA Glove”, originally presented at ICES in 2002 
(Figures 4, 6).  This glove involved very tight fitting elastic layers over a pressure bladder close to the skin, with restraint 
elements over the elastic.  In this way, the glove is both a pressure and MCP glove at the same time.  However, this glove 
presented significant donning and manufacturing challenges, as the elastic layer was exceedingly small.  It was promising in 
that it greatly reduced bulk of garments around the fingers and allowed for increased mobility overall.2 

The MIT glove concept was centered around donning aides, assuming that the tight fitting glove would be difficult 
to put on.   It utilized a series of inflated elements to expand a very tight fitting glove during donning (Figure 5); when the 
pockets inflated, the stretch elements expanded and allowed for easier insertion of the hand.  The glove was measured at 
approximately 10% of a functional pressure, or approximately 0.3 psi (20 mmHg). 3   
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Figure 3. (Left) Honeywell Glove, 20004 
Figure 4. (Center)  UM Glove Base Layer (FFD) 
Figure 5. (Right)  Biosuit Don Assist Glove3 
 

 
Figure 6. (Left)  UM Hybrid Glove7 
Figure 7. (Right) FFD’s 2013 prototype MCP Glove 
 

Final Frontier Design (FFD) has experimented with MCP gloves in house for several years (Figure 7).  Beginning in 
2012, FFD experimented with inflatable pockets to impart compressive force to the hand while depressurized.  Several 
iterations of this experimental MCP design were developed between 2012 and 2015.  

In 2015, under the award of NASA’s High Performance EVA Glove (HPEG) MCP project, FFD set out in earnest to 
develop, build, and test a MCP glove that was capable of evenly compressing the hand, being relatively easy to don, and 
allowing for adequate mobility in depressurized testing.  The HPEG MCP contract included 30 requirements broken down 
into 4 major categories: Pressure and Leakage, Structure and Mass, Size Fit and Mobility, and Pressurized Volume 
Transition.  The most challenging and critical requirement of the contract was the first: even counter pressure of the hand area 
in both closed (fist) and open (flat) positions.  The 14+ month long fixed price contract included 4 days of human testing 
utilizing NASA test subjects at FFD’s labs in Brooklyn, New York.   

FFD’s MCP glove concept relies on inflated pockets, stretch fabric, lacing, restraints, and zippers, to impart even 
counter pressure over the hand throughout its range of motion; in addition, the design utilizes a ‘wrist dam’, an inflatable 
toroidal soft seal around the forearm that allows the hand itself to be exposed to lower pressures inside a glove box.  The 
wrist dam itself was fabricated by Super-Releaser, an inflatable robotics company based in New York City.  The design of 
the glove is highly conformal, strategically incorporating stretch to allow for hand flexion.  The architecture of the glove is 
categorized into several individual components, including the fingertips, finger stretch fabric, finger restraints, inflatable 
pocket, palmar and wrist stretch, palm restraint system, wrist closure system, wrist restraint system, and wrist dam. 



4 
International Conference on Environmental Systems 

 

Figure 8.  FFD’s MCP right glove outline, dorsal (left) and palmar (right) views 

The inflated pockets are the shape-change element of the glove, expanding onto the flesh and pulling their seam 
allowance in, tightening the stretch fabric found over the outside of the hand.  The inflated pockets act like capstan tubes, 
pulling the fabric tight around the body when inflated.  However, FFD’s pockets have seamed integration into the garment 
rather than interdigitated lacing.  The FFD design is a single layer for the pressure garment, plus a glove liner.   

Having an inflated pocket on the body creates the same fundamental physical forces to overcome as a fully inflated 
pressure garment.  However, the overall volume of the MCP inflated pocket is less than 5% of a standard pressure garment.  
The effects of pressure force of the softgoods is reduced exponentially in relation to the volume.  The force needed to bend 
the inflated pocket of this MCP glove design is minimal compared to the much larger traditional inflated pressure garment.  
Prior attempts at a MCP glove system have used inflated pockets in limited flat areas, such as the back of the hand body, to 
induce counter-pressure in a similar manner.4 
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Figure 9.  A cross section of the finger of the MCP glove 

FFD’s MCP glove design is more than 90% water vapor permeable, allowing for the potential of improved suited 
cooling of the body through evaporation and sublimation.  The use of a water vapor permeable pressure garment is intended 
to reduce the cooling load of the life support system, as human cooling through sweat should be very efficient in a vacuum.     

Over the course of the HPEG MCP contract, FFD modified its glove designs, including the patterning, palm bar 
design, buckle design, finger length adjustment system, and lacing placement, to optimize fit and function.  Several iterations 
of the glove were fabricated and fit-checked 
(Figure 10), using a designated FFD test subject 
for analysis.  Fit checks included general user 
comfort, adjustability assessments of individual 
sizing elements on the fingers, palm and wrist, and 
preliminary compression measurements.  Materials 
were sourced with a careful attention to repeatable 
product.  Additionally, manufacturing processes 
were thoroughly documented and involved a step 
by step approval process that clearly documented 
each process of assembly.  A specialized glove 
sewing machine with an offset “finger” bobbin was 
purchased to reduce hand stitching along the thin 
finger seams, and heat welding start-up and shut-
down samples were implemented to increase fabric 
weld confidence and machinery capabilities. 
       Figure 10.   Iterations of the HPEG MCP Glove System 

II. Test Methods 
A. Requirements Review 

 
The HPEG MCP glove system was built with the primary purpose of compressing the hand adequately for human 

testing in depressurized conditions.  This is vital to the safety of the subject and the long-term viability of the MCP design, 
and was a driver through the course of the HPEG contract. 

A series of 30 requirements were levied on the MCP glove system via the HPEG MCP contract.  The requirements 
were broken down to Pressure and Leakage (PL), Structure and Mass (SM), Size Fit and Mobility (SFM), and Pressurized 
Volume Transition (PVT).  The most critical requirement to be verified was PL1, Uniform Mechanical Counter Pressure.  As 
stated, the original requirement read “The HPEG MCP System shall provide uniform mechanical counter pressure to all areas 
of the hand, wrist and arm not protected by suit pressure in the ranges specified in [the Mechanical Counter Pressure Table 1] 
when in flat extended and gripped poses.”8 

Table 1.  Original Counterpressure requirements, HPEG MCP 

Location Mechanical Pressure (mmHg) 

Fingers (Dorsum, Ventrum, Lateral) 222 ± 22 

Finger Crotch > 30 

Palm (Ventrum) >120 

Opisthenar (Dorsum) 222 ± 22 

Wrist (Dorsum, Ventrum, Lateral) 222 ± 22 

Forearm (Dorsum, Ventrum, Lateral) 222 ± 22 
As a reference, 222 mmHg = 4.3 psi, which is the current operating pressure of the EMU and the stated operating 

pressure of the MCP glove system. Standard medical compression garments generally operate in the 30-50 mmHg (0.6-1psi) 
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range.  This primary requirement brings up several issues, including the ability of the body to withstand variance in pressure, 
and the expected range of pressure variance found in movement of the hand.  This requirement proved very difficult to 
achieve through the entire flexion cycle of the hand (i.e. in flat and gripped position); after preliminary human evaluations, a 
larger variance of ± 44 mmHg (0.85 psi), or approximately 20%, was granted by NASA. 

Further structural pressure and leakage requirements, including achieving leakage of less than 100 sccm over the 
forearm seal or wrist dam, rounded out the PL section.  A variety of load, weight, and manufacturing requirements were 
included in SM, including a requirement that each glove be less than 1.5 pounds.  Because of difficulty donning and doffing 
prior MCP glove prototypes, a threshold of 2 minutes for donning and 1 minute for doffing was stated.  SFM covered a range 
of standardized glove box tests, including a modified peg board, basic range of motion documentation, grip strength 
comparisons, tactility evaluations, and rope tie tasks, using standardized, NASA-documented test objects.  The sizing range 
requirement was fixed to 3 pre-defined test subjects that were defined and supplied by NASA.  The final set of requirements, 
PVT, stated simply “Any HPEG MCP system seals against the skin surface to facilitate the transition should be as 
comfortable as possible.”8 

B. Surface Pressure Sensing System 
In order to attempt to measure compression on the hand’s surface, FFD developed a Surface Pressure Sensing 

System (SPSS).   The SPSS utilized miniature Force Sensitive Resistors (FSRs) placed in key areas over the hand.  The FSRs 
were chosen because of their small form factor, thin height, and relative compression range.  The SPSS system includes a 
dorsal glove with 30 FSRs on the back of the hand, and a separate palmar glove with 21 FSRs on the palm, with a spatial 
resolution of approximately 1 per square inch.  The palmar glove has a reduced number of sensors because of the need to 
obtain readings while the hand is fully flexed in a fist.   Each FSR measures only 5 mm across, for local granularity in 
measurements over the hand.  Because the SPSS had to sit between the MCP glove and the test subject’s hand, and because 
of the sheer number of sensors, wire bulk and management became a limiting factor of design; even very small gauge wire 
resulted in unacceptable bulk and mobility restrictions.  For this reason, stainless steel conductive thread was stitched onto a 
stretch comfort glove base, greatly reducing the FSR connection bulk and providing a robust connection to each sensor.  The 
conductive thread connected to ribbon cables at the base of the hand, which subsequently fed to a multiplexer and 
microcontroller for data rely to a computer.  Multiple attempts were implemented to keep the SPSS as low profile as possible. 
Customized visualizations for both the palmar and dorsal SPSS were developed in Processing, providing real-time data 
feedback over the entire hand.   

  

Figure 11.  Miniature Force Sensitive Resistor (FSR)  
Figure 12.  Palmar Surface Pressure Sensing System (SPSS) 
 

Because FSRs can vary greatly in output and sensitivity and can change output over time, accurate calibration was 
critical to ensure confidence in the SPSS data.  Initially individual FSRs were calibrated using a force gauge, a time 
consuming and difficult process because of the miniature form factor of the sensor. The arm based force gauge pressed into 
an acrylic disc of a known surface area, closely matching the surface area of the sensor itself.  Incremental forces were 
applied to the sensors and their output value was recorded.  The force applied could then be converted to a pressure in psi, 
and the corresponding raw output values for psi were calculated.  30+ FSRs output readings, averaged over 3 readings per 
sensor per pressure, were averaged together in a look-up table to provide fast and rough calibration data.   This was the 
original calibration method for the SPSS-Beta.  This method proved impractical for the FSRs of the SPSS gloves in-situ, and 
so a flash-calibration method was developed.   
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Measurement variability is much higher in the lower ranges of force for the miniature FSR, up to 50%, and average 
to within 10% at higher ranges of force above 3.5 psi (See Figure 13).    FFD optimized the output of the FSR by custom 
tuning the resistance constant in the circuit, so that error was reduced in the optimal range around 222 mmHg (4.3 psi).  It 
was found that the FSRs have a high degree of variability of output, and are prone to change output readings over time based 
on humidity, creep, temperature, and hysteresis.9   Flash calibration allows the SPSS to be quickly recalibrated to account for 
this variability.   
 

 
  Figure 13.  Beta FSR Calibration, showing FSR plots and averaged calibration in pink 
 

During flash calibration, the SPSS glove was placed on a semi-rigid rubber hand form and then covered with a 
pressure tight rubber glove.  This assembly was then placed into a pressure chamber and sealed.  The pressure chamber was 
then positively inflated, providing a known, even, positive pressure against each FSR on the SPSS.  A flash-calibration 
program collected multiple readings from each sensor at 1 psi increments from 0 to 6 psid, and averaged the measurements 
for a local calibrated reading for each sensor. 

  

Figure 14.  Palmar SPSS with multiplexer and microcontroller   
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 The flash calibration method described would be more accurate using an actual test subject’s hand for a variety of 
reasons, including perfectly accurate hand sizing, a real representation of the variety of durometers of the hand, the ability to 
calibrate in both flexed and extended position, and the ability to leave the glove in place on the hand after calibration.  
However, this method of calibration using the test subject’s hand was not possible, because the high pressures above ambient 
(up to 6 psi for calibration) would be dangerous when applied to a human, and because of the elaborate restraint system over 
the elbow that would be required to overcome the pressure force pushing the hand out of the chamber.  A semi-rigid hand 
form was used to avoid these safety issues.  Prior attempts at calibrating a similar array based system for measurement of 
MCP glove forces were also conducted off of the human body.4 The flash calibration method was compared to traditional 
gauge calibration methods; readings were within the 10% margin of error of the FSR.  Flash calibration also provided slightly 
higher readings of about 2% in the upper ranges. (Figure 15) 
 

 
 
Figure 15.  FSR calibration Methods compared.  Blue = traditional gauge method, Red = Flash Calibration 
 
 This method of pressure measurement was chosen because of its relatively low cost, low profile, and numerical 
output capabilities.  Other methods of measurement were deemed ineffective because of the variability of output based on 
movement and cost.  FSRs have a high degree of variability, and measurement of force on the skin is notoriously difficult 
because of the variance of durometer of the human body in different locations.  This method was deemed the most effective 
in the time and budget given. 
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Figure 16. (Left) - SPSS compressed with a pressure tight chemical glove for calibration 
Figure 17. (Right) - Pressure chamber setup for SPSS calibration 
 

While the SPSS was a critical element in validating and quantifying the system, it fundamentally caused problems in 
live testing.  The SPSS was used on one hand during testing, with the other hand free of the device, for comparison between 
skin reaction with and without.  Despite the efforts to reduce bulk and restriction caused by the SPSS, it undoubtedly caused 
discomfort and reduced mobility for test subjects.  In addition, by simply placing a sensor between the MCP glove and the 
hand, the compressive forces were distorted when compared to a no-SPSS configuration.  In the end, visual inspection of the 
test subjects’ hands before and after testing proved to be the most telling indicator of inadequate compression areas.  The 
human body’s reaction to various under- and over-pressures throughout testing was the most effective way of validating our 
system. 

C. Test Setup 

Preliminary component testing of the glove prior to human testing was necessary to validate the system.  Structural 
restraint lines were tested using a customized load test stand; all restraint lines were tested, including fingertips, thumb tip, 
finger crotches, and wrist.  The load requirements were derived by NASA human load and plug load requirements combined 
for the EMU.  The inflated elements of the glove were tested for both leakage and structural overpressure capability, and the 
wrist dam was carefully tested for its ability to restrict leakage up the arm from the hand.   

   
Figure 18. (Left) HPEG MCP leakage test setup with bell jar, vacuum reservoir, and flow gauge 
Figure 19. (Middle) HPEG MCP finger load test setup with pneumatic push setup 
Figure 20. (Right) HPEG MCP wrist load test setup with electric pull setup 
 

FFD utilized their delta pressure glove box for human testing of the MCP glove system.  The MCP glove system 
was designed to integrate with the EMU glove side clamping ring and restraint brackets.  These rings are replicated on the 
receiving bushings on the glove box hand ports.  Each MCP glove required two separate compressed air pressures- one for 
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the inflated pockets on the glove itself, and a separate, lower pressure source for the wrist dam.  A compressed air regulation 
system was utilized to supply controlled air pressure as needed during testing.  A large screen visualization system, which 
included SPSS visualizations, time stamp, and dual-feed video of the glove box testing was implemented; this system 
recorded testing for subsequent analysis.   

   
Figure 21. (Left) HPEG MCP Human Testing Visualization 
Figure 22. (Right) Human Testing Equipment 
 

FFD worked with NASA personnel to create and submit a test proposal for NASA Institutional Review Board (IRB) 
approval, including a detailed test protocol, hazard analysis, and system architecture.  A hazard analysis of the glove box and 
MCP setup was conducted, referencing NASA’s glove box hazard analysis and identifying specialized hazards presented by 
FFD’s glovebox architecture, along with MCP specific hazards.  Several hazards were mitigated in the process of drafting the 
analysis, including the reduction of risk of glove box tipping via a baseplate, mitigation of pump overheating via a fan 
system, and sharp point elimination via taping and filing.  To reduce the risks presented by MCP depressurized testing, a 
protocol was developed to limit the amount of time each test subject was continuously exposed to low pressure, test subjects’ 
hands were carefully photographed and analyzed between tests, initial test periods were implemented, and test termination 
criteria included a standard for physical discomfort or bruising were clearly stated. 

Human testing included standardized glovebox tasks as required by the contract; these included range of motion 
assessments, pegboard tests, tactility testing, comparative grip strength assessments, and knot tying.  Testing took place over 
three rounds: first with a dorsal SPSS on the right hand, next with a palmar SPSS on the right hand, and finally without the 
SPSS at all. 

III. Results 
A. Non-Human Testing 

FFD was able to validate and meet all non-human testing as required by NASA.    Load testing represented one of 
the biggest challenges to validate; data collected from force sensors show the representative final architectures could 
withstand loads beyond the stated requirements.   FFD used a small-scale, pneumatic, push-type load setup with 
representative finger tips and finger crotches to apply force to the distal extremities of the hand; the wrist test, with a much 
higher required force of nearly 300 pounds, required a heavier duty, pull type load setup using an electric linear actuator to 
apply force.  Early prototypes of the glove failed to reach required loads, and were modified to increase tensile strength and 
reliability.  Modifications included restraint material replacement from Kevlar to Dyneema, stitch methods in restraint areas, 
and new restraint locations.  Load testing was repeated at minimum 5 times on each element.  Load was measured by digital 
force gauges in-line with the test articles.   Final deliverable samples exceeded all load requirements. 
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Figure 23. (Left) Damaged thumb tip after load testing 
Figure 24. (Right) Wrist load test setup. 
 

Leakage from the wrist dam was also a challenge to validate.   Sealing around the arm without cutting off circulation 
to the hand, while allowing for relatively easy donning and doffing, is a challenge.  The large surface area of the torroidal 
wrist dam created by SuperReleaser, was a conformal and comfortable seal with a relatively low applied force of +1.0 psid to 
the body.  Measuring the leakage of the wrist dam required a specialized bell jar setup, as well as a low flow meter with a 
range between 0-100 scc/m.  A cast, 3d printed forearm shape, coated in low durometer 20A silicone to mimic human flesh, 
was used as a stationary plug for leak testing. Leak rates lower than 30 sccm were measured using this technique.  The 
stationary plug method of measurement was dictated by NASA requirements; live testing with humans induced higher leak 
rates because of sudden movement.   

  
Figure 25. (Left) Leak check system (no glove) = 34 scc/m 
Figure 26. (Right) Leak check with glove = 64 scc/m 
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Total glove weight was 12.25 ounces per glove without the pressurization system, easily meeting the requirement of 

less than 24 ounces per glove.   The pressurization system added another 18.75 ounces, which, when combined with both 
gloves, still satisfied the weight requirements given. 

B. Human Testing 
NASA-witnessed human testing of the HPEG MCP glove system took place June 13-17, 2016, at FFD’s Brooklyn 

lab. The 3 test subjects were chosen and supplied by NASA, with similar sized hands; total variance of finger length between 
the 3 test subjects was approximately 0.25”.  Variance of knuckle circumference was approximately 0.125”.  The HPEG 
MCP glove system includes individual finger sizing restraint lines, an adjustable palmar restraint line, finger crotch restraint 
sizing capability, and adjustable wrist lacing to account for wrist circumference variability.  The same glove pair was used 
when testing each test subject, with only minor sizing adjustments in the fingers, wrist, and palm necessary. 

Live video with overhead and side views of the chamber, the SPSS visualization, and a time stamp, was collected 
throughout the testing.  No significant or reportable incidents were recorded, although redness and minor swelling of the 
subjects after depressed testing was documented.   

The charts in Figure 27 show averages of pressure measurements of each test subject, taken by the SPSS with the 
hand in flexed, neutral, and extended positions.  The represented numbers are averages of multiple sensor readings, including 
14 sensors on the fingers, 7 on the hand body, and 2 on the wrist.  Averaging multiple readings was one attempt to reduce 
noise from individual sensors.  The goal pressurization of 222 ± 44 mmHg ( 4.3 psi ± 0.85 psi) zone is marked in light green, 
and zones of the hand are indicated by bar color.  There are significant outliers of pressure, both above and below the ideal 
compression zone, and in general higher pressure can be seen when the hand is flexed.    The highest pressure recorded was 
for flexed palmer finger measurements of test subject C, at 6.2 psi or 320 mmHg; the lowest pressures recorded were 
consistently at the dorsal wrist, for test subjects A and C, at 2.2 psi or 110 mmHg. 

The measurements have a large amount of variability and are at times lower than proposed requirements.  However, 
significant trauma or blood pooling was not observed after depressurized testing.  Beyond the limited capabilities of the 
FSRs, the skin itself is a very accurate and detailed record of the level and adequacy of compression.  Early short duration 
tests that FFD conducted in house concluded with obvious swollen red areas where compression was not adequate, 
particularly at the wrist base.  After addressing wrist compression, these swollen areas were no longer visible, and were not 
noted in final testing with NASA.  Overall the SPSS method of measuring compression on the hand was much more detailed 
than any known prior published MCP glove testing; previous attempts at measuring MCP glove compression on the hand 
were attempted only along a single line over the center of the hand and one finger.4 

 
In general the readings from the dorsal SPSS were lower than palmar readings.  This is counter-intuitive, because 

the inflated pockets generally run on the dorsal side of the hand, and compression over the back of the hand should increase 
when the hand is in a fist.   Both systems were calibrated using identical steps, so calibration errors are likely not the cause of 
this anomaly. Bending of the sensors locally over the hand was not observed to cause spikes or drops in sensor output, and 
this was also ruled out of the root cause.  It was observed that the hand in a closed fist position does impart force on the palm 
through contact, so it seems likely that contact of the sensors against the flesh of the opposing areas of the palm when flexed 
created higher levels of measured compression compared to the dorsal measurements.   
 

The conclusion reached in discussion with NASA after human testing was that the gloves were adequate for the time 
periods given (up to 30 minutes continuous use). Further discussion and analysis as to the actual requirements in pressure 
range, surface area, and time of exposure for the human hand are required to fully characterize longer depressurized scenario.  
FFD proposes that the human body is capable of withstanding significant pressure differentials of 20% or greater for long 
periods of time.   We also propose that the motion of the body instigates some variability in pressure provided by the MCP 
garment, and that continuous movement could aide in normalizing pressure outliers 
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Figure 27.  Averaged pressure readings from the Palmar and Dorsal SPSS. Test subjects delineated as A, B, and C 
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Standardized photos of each test subject’s hands were taken before initial testing and after the final test of the 
protocol, a period of time of about 45 minutes.  Redness of the hand was generally present, especially on the palm and palmar 
wrist areas.  Marks from the wires and sensors of the SPSS were consistently visible on the right hand when worn.  No 
physical marks persisted longer than 12 hours.   

 
 

 

 
 
Figure 28.  Test subject palmar hand aspect, before testing (left) and after (right) 
 

Donning and Doffing were another important requirement for which a variance was given by NASA.  While 
individual times with training were able to perform close to the required time, averages exceeded original requirements by 
approximately double.   The wrist dam itself was a major barrier to effective and easy donning and doffing.  However, the 
don and doff times are considerably lower than prior attempts at MCP gloves.4 

Table 3.  Don and Doff time: HPEG MCP 

 Requirement Average Reading Best Reading Number of Trials Standard Deviation 

Don Time < 2 minutes 3 minutes 51 
seconds 

2 minutes 11 
seconds 

15 55 seconds 

Doff Time < 1 minute 1 minute 58 
seconds 

1 minute 27 
seconds 

11 50 seconds 

 

Mobility tests were assessed by finger-thumb opposition procedures.  While finger to thumb touch points were 
generally achieved by each test subject, thumb mobility was constricted and did not allow larger across-the-palm reach, from 
the thumb to the base of the little finger.  This is likely because of the palmar restraint bar.  While torque was not directly 
measured, overall freedom of movement of the fingers and thumb were noted as being very good for pressure gloves, 
allowing for more natural hand movement and use of intrinsic finger ad-abductors.   

Tactility also proved to be very good in the MCP glove, with test subjects averaging a discernable gap of only 
0.0525”; the stated requirement was at max 0.15”.  Grip strength averaged to approximately 46% of nude range, comparable 
to pressurized gloves, as outlined in Table 4. 
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Table 4.  Grip Strength, percentage of nude range in pounds 
Nude Gloved Percent Subject 

120 55 46% A 
116 58 50.% B 
141 59 42% C 

Average        126              57 46%  
 

FFD’s wrist dam utilized a large surface area, low differential inflated silicone cuff for a comfortable, conformal, and 
effective seal against the skin.  This traditionally uncomfortable element of MCP systems did not leave visible marking or 
add discomfort to the overall system, although it did significantly limit donning and doffing, and was relatively fragile. 

 
Subjective evaluations of the gloves were performed multiple times for each test subject, using a scale from 1 to 7 to 

assess user interface with the glove.  Overall subjective analysis noted good fit and tactility, however discomfort from the 
glove was relatively high and grip was not very effective.  Table 5 outlines the scale and user assessment averages. 
 
Table 5.  MCP Glove Subjective Assessment 
1-  
Extremely 
Poor 

2- 
Moderately 
Poor 

3-       
Slightly Poor 

4-       
Neither Poor 
nor Good 

5-      
Slightly 
Good 

6- 
Moderately 
Good 

7-  
Extremely 
Good 

 
Evaluation Area 

 
Average Score (7 Readings) 

Overall Discomfort Level 2 - Moderately Poor 
Overall Fit 5 - Slightly Good 
Dexterity (ability to move hands) 4 - Neither Poor nor Good 
Tactility (ability to feel hands) 6 - Moderately Good 
Grip with Fingers and Palm of Hand 3 - Slightly Poor 
Pinch and Grasp with Fingertips 5 - Slightly Good 
Glove Usability Overall 3 - Slightly Poor 
 

 
 

Figure 29.  Average Score vs. Evaluation Area 
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IV. Conclusions 

Overall the glove was noted as having great finger tactility.  Very small gaps of between 0.04” to 0.08”, comparable to 
ungloved tactility, were recorded as detectable during tactility testing.   Finger mobility was very good, with test subjects 
generally able to touch their index and middle fingers to every point on the thumb.  The glove has relatively low bulk of less 
than 14 ounces, and a sizing adjustability range.  The glove was able to accommodate not only the designated subjects but 
also outliers large and small.  With bulk around the fingers and hand eliminated, the glove enables more natural motions 
including finger ad-abduction.  Wrist mobility of the MCP glove specifically was hindered because of the placement of the 
wrist dam close to the mobility joint area.   

 
These evaluations were done according to the contract without an outer layer TMG. A MCP TMG would presumably be 

less bulky than one designed to fit over a pressurized glove, because it could be patterned to fit closer to the hand.  A MCP 
TMG would require further analysis of thermal protection required and environmental considerations.  
 

The relatively large reduction in grip strength is probably due to the palm bar configuration, which as tested is similar to 
a pressurized glove.  FFD is currently developing a MCP-specific palm restraint architecture to address grip strength loss.      
Despite the variable readings from the SPSS, FFD is convinced that the glove is physiologically adequate for short duration 
testing.   However, 30 minutes is obviously not adequate for EVA operations; no specific physical limitations of the gloves 
limit us to 30 minute operations.  This was an arbitrary cap for initial testing of the system, and longer duration testing with a 
modified system based on lessons learned will be performed in the future.  Overall only 2 of the requirements were not 
completely satisfied and required some variance. 
 

The glove is still early in the TRL cycle, and will require not only further testing but also further hardware development 
to reach its potential.  Pain was reported around the base of the hand and wrist from uneven pressurization, and a high degree 
of variability of compression was measured, especially between hand flexion and extension.  Donning and doffing required a 
fair amount of effort, and took longer than desired, however were much faster than prior attempts.4   Wrist mobility, 
particularly flexion and extension, did not meet the contract goals and were less than FFD’s pressurized gloves.  Overall the 
wrist dam worked very well, allowing only limited air leakage and without reports of discomfort; however, the current design 
is very complex, requiring a 10+ part customized mold and a separate pressurization system to operate.   Further, the wrist 
dam was a major impediment to effective and quick donning and doffing, and proved to be relatively fragile in operation.  
The silicone construction of the wrist dam, even supported with fabric throughout, was prone to tearing, and tubing inputs 
and outputs were prone to leakage after prolonged testing.  Finally, the placement of the wrist dam limits the surface area 
available for an adequate wrist joint. 
 

Through testing, FFD was able to reinforce a basic concept of the physical mechanisms of compression: compression of 
shapes circular in cross section is comparatively easy, while flat areas and concavities are comparably more difficult.  Future 
designs should focus restraint devices, inflatable pockets, pads, or other shape-change devices to increase compression over 
non-convex areas of the body while allowing for movement.   
 

FFD has been able to define several different means of effecting compression on the body, including: 
 
-Wall- The wall is a semi-rigid, non-stretch form that exactly corresponds to the skin of the body; while it does not compress 
the body when at ambient pressure, it will not allow the body to expand and therefore counteracts body-differential situations.  
This is used in the fingertips of the MCP gloves, which are molded on tooling derived directly from hand scans.  The wall is 
not a great method for compression of a dynamic joint area, because it is essentially static. 
-Active Pressure- Active pressure utilizes a shape change element, which presses down normal to the body.  Active pressure 
was used in the inflated pockets in the FFD MCP glove.   
-Passive Stretch- Passive stretch compresses the body, even upon donning.   This is stretch fabric, which is designed to 
always stretch over the body when the garment is on.  This is used throughout the fingers, palm, and wrist in the FFD MCP 
glove. 
-Passive non-Stretch- Passive non-stretch is non-stretch fabric, which compresses the skin because of a seam connection to 
other compressive elements.   
-Adjustable Closures- Adjustable closures, such as zippers or lacing, are tightened down and fixed after donning, but prior 
to depressurized activities.  These allow effective shape change for donning and sizing through the glove, and are particularly 
useful in assisting passive stretch components.   
-Seal Transition- The seal transition is often the most painful part of the MCP glove, and a tricky area to understand in 
detail.  The goal is to have a perfectly even transition of pressure from ambient pressure to the seal and MCP glove, although 
in practice there is often a local area of high or low pressure at the transition point. 
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The primary requirement statement of this project, to achieve even counter pressure in both a flat hand and fisted hand, 
underscores how little is really known about critical MCP requirements.  In practice, any garment will always effect a 
variable pressure on the body depending on the position of the body.  Gloves in particular have a tendency to compress the 
dorsal aspect of the hand when flexed in a fist.  This overpressure on the dorsum in flexion is seen even without garments, 
from the skin itself.  When a fist is formed, the skin over the dorsum of the hand is stretched, and blood is forced out of the 
surface of the dorsum; this is seen plainly with ‘white knuckles’.  To this point, a perhaps significant level of overpressure 
should be expected depending on the position of the body.  A clearly defined suitable range is difficult to pin down because 
of the variability of the flesh of the body, with some areas able to withstand greater pressure variance than others.  
Honeywell’s prior studies indicated that the palm of the hand could be under-compressed by nearly 50% of differential 
pressure without negative effects. Separately, FFD’s initial studies indicated flat areas of the wrist and hand dorsum were 
highly intolerant of any under-pressure, but were generally accepting of overpressure. 

 
 

V. Next Steps 
Longer duration testing of the MCP system are desired, beginning with the glove system.  Initial changes to FFD’s MCP 

glove include a simplified, single zipper wrist, with more compressive ability, to address underpressure and discomfort data 
in this area.  A more precise and less intrusive method of measuring compression on the body is desired, but unlikely without 
significant investment in the technology.  FFD has begun consulting with medial and biomechanical engineering 
professionals to better understand measure the effects of wearing a MCP system on vascular system of the body in different 
areas.   An outer layer to protect the hand from thermal fluctuation and dust should be developed for comparison to current 
EVA glove systems.    FFD is also interested in characterizing the effects of exposure to low pressure, and even hard vacuum, 
to the human skin. 

FFD has already begun development of prototypes greatly expanding the scope of their MCP glove.  The HPEG MCP glove 
system showed promise in testing, but was severely limited by the placement of the wrist dam so close to the wrist joint.  
With basic architectural elements of the glove including fingertip, finger, palm and hand body, and wrist architecture defined 
and validated, FFD is interested in expanding the scope of this unique MCP architecture to a larger scale.   Primary in our 
efforts is a MCP arm assembly, which utilizes the main components and design features of the glove developed and reviewed 
under the HPEG project, while addressing limiting performance elements such as the wrist dam and closures.  A full arm 
MCP assembly was developed and built in-house after the completion of the contract, including inflated pockets, stretch 
fabric, lacing, and adjustable restraint lines as developed for the glove.  A shoulder seal was developed with a passive large 
surface area seal, enabling a smooth pressure transition over this complex joint without additional pressurization required.  A 
glove box port was fabricated with a NASA EMU-style bolt-hole circle shoulder bracket, for interface with a delta pressure 
box.  The seal and inflation system have undergone preliminary depressurized testing to -2 psid for initial seal verification.  
Donning and doffing is very easy, and is possible by one person in less than one minute.  Constriction and limited mobility in 
the wrist seems to be greatly mitigated, and one zipper closure at the wrist has been eliminated.  The total arm mass without 
the glove box port is only 11 ounces. 

 
Figure 30. (Left) FFD’s MCP Arm Assembly in depressurized testing  
Figure 31. (Right) FFD’s MCP Arm Assembly with glovebox scye seal 
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