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Knowledge gaps exist in how to define optimal spacesuit fit and how to more effectively incorporate these fit parameters into 
suit design. To date, the relationship between spacesuit fit and operational performance has not been quantified.  This work 
investigates the effects of spacesuit glove fit on performance for dexterous tasks and a simulated lunar lander manual control task 
with mental workload components. Through these tasks, the hypotheses that static glove fit with increased easement is related to 
decreased performance on dexterity tasks and cognitive tasks were evaluated. Participants (n = 9) wearing prototype spacesuit 
gloves similar to the Orion Crew Survival System completed tasks in a glovebox vacuum chamber (4.3 psid). The subject’s 
prescribed fit within the sizing scheme was determined using their anthropometry. The subjects conducted the tasks in gloves one 
size below their prescribed fit, their prescribed fit size, and gloves one size larger than their prescribed fit in both pressurized and 
unpressurized states. To evaluate general dexterity, subjects completed a pegboard task, which required moving and rotating pegs 
between locations on the board. Dexterity was also measured using a functional tool task where subjects attached and detached an 
extravehicular activity (EVA) tether hook to fixtures designed to NASA specification. For both dexterity tasks, completion time 
was recorded. The Draper real-time performance metrics workstation lunar landing simulator was used to assess flight performance 
and mental workload (through a secondary task response time measure). No consistent significant relationships with respect to 
glove sizing were found for the dexterity tasks or the the lunar landing simulator task. The results also reaffirmed that pressurized 
spacesuit gloves lead to decreased dexterity over unpressurized gloves and supported that for the selected dexterity tasks, 
performance can be maintained between the ungloved and unpressurized gloved conditions. 
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I. Introduction and Background 
 
As the world’s space agencies and private companies begin to move beyond low earth orbit to explore the moon 

and Mars, use of spacesuits will increase beyond the current levels associated with ISS operation.1 To meet the 
challenge of increased suited operations, it is important that crewmembers be able to perform their suited tasks in a 
manner that enables acceptable performance for a given task and minimizes injury risk. Knowledge gaps currently 
exist with respect to how to design for optimal spacesuit fit and how spacesuit fit is related to task performance. While 
spacesuit fit has long been incorporated into the development process in a subjective manner, there is no concensus 
on methods for determining optimal suit fit.1,2,3 Additionally, while the relationship between fit and performance has 
been examined in other domains4,5 and it is acknowledged that spacesuit fit plays a role in crewmember performance,1,6 
this relationship has not been quantified. 

When discussing fit, it is important to differentiate between static fit (fit in the suit when there is no movement for 
a given posture) and dynamic fit (the interaction between the human and the suit during movement).7,8 Fineman et al.7 
examined dynamic fit using wearable sensors for the spacesuit lower extremities and preliminary work by Lombardo 
et al.9 utilized a similar approach to examine torso dynamic fit. This wearble sensor approach is more difficult, 
however, in tighter areas of the suit such as the gloves. Lombardo et al.10 examined the relationship between static fit 
in spacesuit gloves and performance on tactility tasks, but further research is needed to quantify the relationship 
between fit and performance in spacesuit gloves on a wider range of tasks.  

To evaluate functional spacesuit glove performance, relevant performance assessment tasks must be selected. 
While no standard set of performance assessment tasks exists, methods from previous studies in various fields suggest 
that assessing areas such as dexterity, tactility, mobility, and grip strength are of key importance.11 Past research into 
spacesuit gloves specifically utilized a range of techniques from simple pegboard tasks to more complex methods such 
as external motion capture or sensor gloves.3,12-14 Another aspect of task selection to consider is whether to utilize 
operationally relevant tasks or more general performance evaluations. Previous spacesuit glove evaluations have 
utilized both of these approaches.3,13 

One performance attribute examined in this work is dexterity. Previously, Tremblay-Lutter and Wiehrer15 
examined static fit in chemical protective gloves and demonstrated that “ease” (the difference in space between the 
outer surface of the hand and the inner surface of the glove) was related to dexterous performance as measured by task 
completion time on the Minnesota Rate of Manipulation Turning Test,16 O’Connor Fine Finger Dexterity Test, Cord 
Manipulation and Cylinder Stringing Test,17 and Magazine Loading Test dexterity tasks. Results from this work 
supported that increased ease led to the lowest levels of performance (highest completion times) whereas decreased 
ease did not show performance differences from the self-selected best fit condition. Average ease with respect to 
length examined in this work ranged from -0.49 cm for the index finger to 0.37 cm for the pinky finger.15 

Another performance attribute examined in this study is technical flight performance on an operationally relevant 
lunar landing simulator task. NASA has long recognized the importance of utilizing flight simulators to prepare 
astronauts for flight, making use of high-fidelty simulators to train shuttle astronauts18 and lunar landing simulators 
during the Apollo program.19 While the lunar landing simulator used in this study has not specifically assessed 
performance with respect to glove fit, previous work by Hainely et al.20 utilized the simulator to assess the effect of 
flight mode on performance. Hainely et al.20 found that root mean square error (RMSE) in the pitch axis was higher 
for simulator trials that contained a landing point redsignation and that RMSE was significantly higher in trials without 
a landing point redesignation where the pilot controlled all 3 axes and rate of descent, compared to trials where the 
pilot only controlled 1 axis. Past work by Southern et al.21 examined a range of performance measures (including 
gloved dexterity) while wearing a pressurized intravehicular activity (IVA) suit and flying a Saab 2000 flight 
simulator, however further research is required to specifically assess the relationship between spacesuit glove fit and 
technical flight performance.  

The final metric examined in this study is mental workload measured via a secondary response time task. The 
NASA Human Research Program acknowledges that inadequate spacesuit fit could lead to mental workload above 
acceptable levels1 and it is therefore important to assess mental workload for representative tasks. Secondary reaction 
time tasks have an extensive history of being utilized to measure mental workload,22,23 including the specific utilization 
of choice reaction time tasks in flight simulators.24 For the lunar landing simulator used in this study, past work by 
Hainely et al.20 reported results from the two-choice response time and found a significant increase in mental workload 
associated with a mode transition from automatic control to a manual control mode, as well as significant increases in 
mental workload with increasing complexity of the manual control mode.20 With regards to gloved performance, 
Taylor and Berman25 found that the addition of gloves significantly impaired performance on a secondary tracking 
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task during a primary data entry task. Although it did not utilize a reaction time task to assess mental workload, work 
by Llanos et al.26 did find that when wearing a pressurized IVA suit while flying a spaceflight simulator, 28% percent 
of subjects reported mental demands higher than moderate levels as assessed by the NASA task load index (TLX) 
scale. However, further research is required to specifically examine the relationship between spacesuit glove fit and 
mental workload as assessed by a secondary response time task.  

An important aspect to consider when evaluating spacesuit performance is pressurization. Previous spacesuit glove 
studies have utilized two different approaches to producing suit pressurization: the use of a full pressurized suit11 or 
the use of a glovebox vacuum chamber.6 Utilizing a full spacesuit yields benefits such as a realistic interaction between 
the suit torso and arm components and the mitigation of discomfort that can accompany a mistmatch between subject 
anthropometry and glovebox dimensions. However, logistical challenges such as hardware availability and the 
requirement for subject physicals accompany the use of the full spacesuit. This stands in contrast to gloveboxes which 
allow for easy donning and doffing of gloves, transitions between glove sizes, and changes of pressurization state.  

In previous spacesuit glove studies using both the glovebox and full suit approach, it was found that suit 
pressurization reduces a range of performance attributes such as mobility, grip strength27,28 and functional tool use13. 
Specifically with regards to dexterity tasks, O’Hara et al.29 found that  glove pressurization led to decreased 
performance on a pegboard task (as measured by number of bolts inserted), a nut and bolt assembly task (as measured 
by number of assemblies produced) and a knot tying task (as measured by completion time).29 The NASA High 
Performance EVA Glove (HPEG) project compared task performance between several different extravehicular 
activity (EVA) glove prototypes.3 While this study did not examine performance differences between pressurized and 
unpressurized states or different fit configurations, results did support performance decrements between the ungloved 
baseline condition and the presurrized glove conditions on u-bolt pegboards, knot-tieing, and bow-tieing dexterity 
tasks (as measured by completion time) as well as mobility and grip strength tasks. The metrics utilized in the HPEG 
study did not detect performance differences between the different EVA glove prototypes. 

The objective of this human subjects study was to assess the hypothesis that spacesuit glove static fit with increased 
easement is related to decreased performance on dexterity tasks and cognitive tasks. The study utilized both 
generalizable and operationally relevant performance assessment tasks and glove size as a measure of static fit to 
quanify the effect of spacesuit fit on task performance. A glovebox approach was selected to produce glove 
pressurization due to limited full suit availability. Data was also gathered on tactility assessment tasks,10 however the 
present paper focuses on performance on dexterity, flight technical error, and mental workload assessment tasks. This 
work seeks to evaluate the hypotheses that glove size as a measurement of static fit is related to spacesuit glove 
performance on: (1) A generalized dexterity task where subjects remove, reorient and reinsert u-bolts into a pegboard; 
(2) A tool-based dexterity task where subjects hook and unhook an EVA tether hook to loops and a handle designed 
to NASA specification; (3) An operationally relevant task assessing flight technical error utilizing a lunar landing 
simulator; and (4) A mental workload assessment utilizing a secondary response time task. 

II. Methods 

A. Participants 
Subjects (n=9) participated in this study, with 8 subjects successfully completing the primary flight subtask of the 

lunar landing simulator. One subject was removed from the analysis of all subtasks for the lunar landing simulator 
due to an inability to meet completion criteria for the simulator task (several trials after the training run resulted in 
failure to successfully fly the spacecraft to the landing point). Of the 8 subjects who completed the primary flight 
subtask, ages ranged from 22 to 27 (mean = 24, SD = 1.78) with 6 subjects being male and 2 being female. An 
additional subject was unable to be included in the analysis of the response time subtask for the lunar landing simulator 
due to a failure to respond to any of the communication indicators for one of the gloved conditions. Of the 7 subjects 
who completed the response time subtask, ages ranged from 22 to 27 (mean = 23.71, SD = 1.70) with 5 male and 2 
female subjects. Subjects were asked about their previous flight or flight simulator experience and their recorded 
answers ranged from no previous exposure to licensed pilots.  For the u-bolt pegboard task, 8 subjects successfully 
completed the task. One subject did not perform the task due to glove leaks preventing task completion. For the 8 
subjects who completed the u-bolt pegbord task, ages ranged from 23 to 27 (mean = 24.25, SD = 1.58) with 6 subjects 
being male and 2 being female. For the EVA tether task, 7 subjects successfully completed the task. Two subjects did 
not perform the task due to glove leaks preventing task completion. For the EVA tether task, subject ages ranged from 
23 to 27 (mean = 24.43, SD = 1.62) with 6 subjects being male and 1 being female. None of the subjects had any 
previous experience completing functional tasks using pressurized spacesuit gloves.  
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Inclusion as a subject in the study required nominal static fit in the prescribed size glove based on criteria from 
David Clark Company, Incorporated (DCCI), the company that designed and developed the space suit gloves used in 
this study. Subjects were included if their hand length and hand circumference fell within the range for the prescribed 
fit size (P) glove used in the study. Exclusion critera included recent upper extremity impairements or auditory 
impairments that would prevent subjects from following verbal instructions. The study protocol was approved by the 
MIT Committee on the Use of Humans as Experimental Subjects.  

B. Experimental Design 
Subjects completed tasks in three IVA glove fit configurations to assess the effect of fit on performance. Prototype 

gloves, similar in design to the DCCI Orion Crew Survival System (OCSS) IVA gloves were utilized in the study. 
The subject’s prescribed fit within the DCCI glove sizing scheme specific to this design was determined using their 
anthropometry. The subjects conducted the battery of tasks in gloves one size below their prescribed fit (S), their 
prescribed fit size (P), and gloves one size larger than their prescribed fit (L). Glove length was the dimension in which 
the gloves under examination varied. The full set of tasks included flight performance and cognitive performance tasks 
(the Draper real-time performance metrics workstation lunar landing simulator to assess flight performance, mental 
workload and situational awareness),20 tactility tasks (a generalized bump detection task and an operationally relevant 
switchboard task)10 and the aforementioned dexterity tasks (a u-bolt pegboard task and EVA tether hook task). These 
tasks were performed across two days. The u-bolt pegboard task occurred on Day 1 and the lunar landing simulator 
and EVA tether task occurred on day two.  

Subjects conducted several ungloved training trials to familiarize them with each task and then conducted one 
ungloved trial to obtain their ungloved performance baseline. The number of training trials given varied for each task 
depending on the complexity. The subjects then conducted the tasks in the three glove fit configurations in both a 
pressurized (P) and unpressurized 
state (UP), resulting in six 
configurations per subject (Table 
1). The order of the tasks within 
glove configuration was fixed 
and the order with which the 
subjects wore each glove was 
randomized between subjects. 
Subjects were blinded to the 
glove size that they were wearing. 

C. Static Fit Metrics 
Two different categories of fit metrics were gathered for this study: objective measures and perceived measures of 

static fit. The objective measures were the glove size utilized in each trial, as well as a direct static fit metric which 
was calculated by subtracting the anthropometric measurement of the subjects’ hands from the corresponding outer 
dimensions of the pressurized gloves, providing a measure of ease. The anthropometric measurements gathered were 
hand length, hand circumference as well as the length and circumference of both the index finger and thumb. Thus, 6 
direct measures of static fit were calculated. For the present analysis, only the record of glove size is used to analyze 
static fit, however linear mixed effect models incorporating the direct static fit metrics will be discussed in future 
work. Both a comfort survey and a survey of perceived fit were administered to subjects during every fit 
configuration,10 however those results are not presented in this work.  

D. Glovebox 
All tasks were conducted in a glovebox vacuum chamber (24 in diameter, 48 in length) (Figure 3). The chamber 

created a pressure differential to mimic the pressurization of the full suit. The vacuum chamber was kept between 4.0 
psid and 4.5 psid for all trials to roughly match the nominal 4.3 psid operating pressure of the OCSS suit during a long 
duration contingency scenario.30 The workspace surface height was selected to limit unnatural postures when using 
the glovebox. Through in-person testing and information gathered on other glovebox systems, the workspace was 
designed such that it was 4 in. below the cylinder mid-line. Another dimension of anthropometric concern was the 
distance between the two cylinder armholes. The center-to-center distance of the armholes was 18 in. Subjective 
feedback on any discomfort or difficulties imposed by the glovebox was gathered from all subjects and no complaints 
related to armhole placement or discomfort in the shoulders or upper arm due to the glovebox were recorded. To 

Table 1.  Experimental Configurations. Subjects conducted the 
performance assessment tasks in three different glove sizes and two different 
pressurization states. 
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ensure postural consistency, the seated height of the subject was adjusted such that their arms in the forward reach 
position were parallel to the glovebox workspace. 

E. Dexterity Assessment Tasks 
This study included two tasks explicitly targeted at assessing 
dexterity performance: the u-bolt pegboard task and the EVA tether 
task. 
1. U-bolt Pegboard Task 

 The u-bolt pegboard task was a modified version of a u-bolt 
pegboard dexterity task from the NASA HPEG study.3 In this task, 
subjects attempted to remove u-bolts from a pegboard, reorient the 
u-bolts and reinsert them into the pegboard. Modifications from the 
original NASA implementation included utilizing only one row of 
u-bolts as opposed to two to decrease study time. An additional 
modification recommended by NASA subject matter experts was the 
use of a metronome to ensure uniform timing and mitigate learning 
effects often associated with tasks utilizing completion time metrics. 
The task equipment consisted of a pegboard with one row of 5 u-
bolts (Figure 1). Subjects were instructed to remove each u-bolt from 
the pegboard, turn it 90 degrees, then place it back into the 
pegboard for all u-bolts in the first row. If subjects dropped a bolt, 
they were instructed to leave it and move on to the next bolt. In 
addition to several ungloved practice trials given at the beginning 
of the task, subjects were also given a practice trial the first time 
they experienced the pressurized condition. After the practice 
trial, the u-bolt pegboard task was conducted 3 times for each 
gloved condition. 

For the u-bolt pegboard task, the first metric gathered was the 
average completion time per bolt for each trial. This value was 
obtained by dividing the overall completion time for the trial by 
the number of undropped bolts for that trial. This metric was 
gathered for each gloved configuration (Baseline, size S 
unpressurized, size S pressurized, size P unpressurized, size P 
pressurized, size L unpressurized, and size L pressurized). 
Additional metrics were the number and percentage of dropped bolts each trial.  

 
2. EVA Tether Task 

The EVA tether task involved hooking and unhooking an EVA tether hook from a series of loops and a handle. 
The panel of loops and handles (Figure 2) was constructed and laid out according to NASA standards.31 The EVA 
tether hook utilized was a non-flight test article obtained on-loan from NASA JSC. Subjects hooked and unhooked 
the EVA tether hook from each of the loops and handle in a predetermined sequence. The sequence entailed first 
hooking and unhooking from the rightmost and smallest loop, then the center larger loop, then the handle. To obtain 
timestamps and ensure that subjects fully removed their hand from the hook in between in each motion, subjects were 
instructed to hit a push button in between each loop or hook. Subjects were instructed to complete the sequence of 
actions as quickly and as accurately as possible. In addition to several ungloved practice trials given at the beginning 
of the task, subjects were also given a practice trial the first time they experienced the pressurized condition. After the 
practice trial, the EVA tether task was completed 3 times for each gloved condition. The metric for the EVA tether 
task was the average task completion time for each condition. 

F. Lunar Landing Simulator  
The Draper real-time performance metrics workstation lunar landing simulator20 consists of  flying a simulated 

lunar lander during the terminal descent phase. The physical simulator setup c onsisted of a translational hand 
controller to control spacecraft ascent/descent rate, a rotational hand controller to control spacecraft attitude, a headset 
to record verbal callouts of altitude and fuel, and a monitor to display the simulation (Figure 3). The joysticks were 
placed 16 in. apart and positioned such that the subjects arms were in the forward reach position during flight. The 

 
Figure 2.  EVA Tether Task. Task hardware 
consisted of a board with loops and a handle, the 
EVA tether hook, and a timing button 
 

 
Figure 1.  U-bolt Pegboard Task. 
Subjects reoriented u-bolts from right to 
left. The 3 rightmost u-bolts are in the re-
oriented position, and the leftmost u-bolt is 
in the initial position. 
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monitor was placed such that the bottom of the screen rested 
on the top of the glovebox and was tilted downwards to allow 
for easier viewing by the subjects.  

The simulation scenario entailed the spacecraft beginning 
in fully automatic mode, where the computer performed all 
necessary control of the spacecraft, then at a point during the 
simula tion (approximately 20 seconds into the simulation) a 
tranisition occurred to 3-axis manual control mode. At the 
time of transition, the landing point for the spacecraft was 
redesignated, which introduced an attitude error which the 
pilot was required to null (Figure 4).  

The lunar landing simulator consisted of 3 subtasks: the 
primary flight task (to assess flight technical error), a 
response time task (to assess mental workload) and verbal 
callouts of simulation state (to assess situational awareness). 
The subject’s primary goal was to complete the flight task, 
followed by a secondary goal of the response time task, and a 
tertiary goal of the verbal callouts. Subjects were explicitly 
told not to sacrifice performance on the primary flight task for 
either of the additional subtasks. Subjects completed all 3 
subtasks, but only the primary flight task and the response time 
task are discussed in this paper based on the analyses complete 
at the time of writing.  
 The goal of the response time task was to minimize 
response time to a communication indicator. Starting from the 
beginning simulation and finishing before the final spacecraft 
descent, a communication indicator in the corner of the 
horizontal situation display (Figure 5) would change from an 
inactive state to having either a blue or green outer circle at 
random intervals between 5-7 seconds. To respond to the 
communication indicator, subjects would press the 
corresponding blue or green button on the top of the 
rotational hand controller. 10 total communication indicators 
were displayed each trial, however the time and color of each 
communication indicator were randomized. Subjects were 
instructed to respond to the communication indicator as 
quickly as possible. Subjects were instructed not to 
compromise their performance on the primary flight task in 
order to respond to the communication indicator.  
 Training for subjects included a powerpoint presentation 
describing the purpose of the simulation, detailing the 
individual aspects of the simulation display, and instructing 
the subject how to utilize the controls. The subjects then 
performed several ungloved practice runs under coaching 
from study personnel. The practice runs entailed learning 
how to fly the simulator and then incorporating each of the 
additional subtasks. Depending on the speed of learning as 
judged by the study personnel, the number of initial training 
trials ranged from 8-12. Additionally, after the initial 
pressurization of the first glove in the sequence, subjects 
were given 2-3 additional practice trials while pressurized to 
allow them to determine their preferred motor technique for 
the pressurized case. Subjects then flew 2 experimental trials 
for each gloved condition. 

 
Figure 4.  Primary flight display. In the center 
of the display the yellow and pink crosshairs 
indicate the current and target attitude, 
respectively. The rightmost meter indicates the 
current and target ascent/descent rate.20 

 
Figure 5.  Horizontal situation display. The red 
areas on the display indicate hazardous areas on 
the terrain map, however this aspect of the 
simulation was not incorporated into these tasks. 
The black square indicates the position of the 
spacecraft. The communication indicator was 
located in the bottom right corner of the 
horizontal flight display.20 

 
Figure 3.  Lunar Landing Simulator Physical 
Setup. The translational hand controller (far 
joystick) and the rotational hand controller (closer 
joystick) control the spacecraft, while the headset 
records verbal callouts of simulation state 
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G. Statistical Analysis 
Non-parametric Friedman tests were used to assess 

the average completion time per bolt for the u-bolt 
pegboard task,  the average completion time for the 
EVA tether task, the differences in the percentage of 
bolts dropped for the u-bolt task, the RMSE in the pitch 
and roll axes for primary flight subtask, and the 
response time for the response time subtask, as the data 
were not normally distributed. Post-hoc Wilcoxon Sign 
Rank tests were conducted to examine the differences 
between specific gloved conditions. For the primary 
flight subtask in the lunar landing simulator, separate 
friedman tests and post-hoc comparisons of gloved 
conditions were conducted at each of the probes where 
data was gathered (40 s, 50 s, 60 s, and 70s). Effect sizes 
were estimated using the r-value (r) where a small effect 
is a value between 0.1 – 0.3, a medium effect is between 
0.3-0.5 and a large effect is greater than 0.5.32  

III. Results 

A.  U-bolt Pegboard task 
A Friedman test supported an effect of gloved 

condition on average completion time per bolt (𝜒 (6) =
37.82, 𝑝 < .001). Post-hoc pairwise comparisons 
support that all pressurized cases had significantly 
higher average completion times per bolt than the 
baseline trial (r = 0.42 to r = 0.63) (Figure 6). 
Additionally, it was found that for each glove size, the 
pressurized case had a significantly higher average 
completion time per bolt compared to the corresponding 
unpressurized case (r = 0.63). No significant differences 
between glove sizes were detected for either the 
unpressurized or pressurized conditions.   

The second metric collected for the u-bolt pegboard 
task was the number of dropped bolts.  
Bolts were only dropped during the pressurized trials 
(Figure 7). A Freidman test found no significant effect of 
glove size when comparing the percentage of dropped 
bolts between the pressurized trials.  

B. EVA Tether Task 
 A Friedman test supported an effect of gloved 

condition on average task completion time (𝜒 (6) =
33.24, 𝑝 < 0.001). Similiarly to the u-bolt task, post-hoc 
pairwise comparisons support that all pressurized cases 
had significantly higher average task completion time 
than the baseline trial (r = 0.63) and that the pressurized 
case had a significantly higher average completion time 
compared to the unpressurized case for each glove size (r 
= 0.63) (Figure 8). No significant differences between 
glove sizes were detected for either the unpressurized or 
pressurized conditions. 
 

 
         

Figure 6.  Average completion times per bolt for each 
gloved condition. Significant post-hoc pairwise comparisons 
are notated with an asterisk 

 
Figure 7.  Percentage of dropped bolts for each gloved 
condition across all subjects. Number of bolts dropped for 
each individual subject ranged from 0-2 bolts (0-40% of the 
bolts per trial) for each gloved condition 

 
     

Figure 8.  Average EVA tether task completion time for 
each gloved condition. Significant post-hoc pairwise 
comparisons are notated with an asterisk 
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C. Lunar Landing Simulator  
 A Friedman test supported an effect of 

gloved condition on RMSE in the pitch axis for 
the 40 second probe (𝜒 (6) = 17.12, 𝑝 =
 0.0089), but none of the subsequent probes 
(Figure 9). For the 40 second probe, post-hoc 
pairwise comparisons support that the large 
unpressurized and large pressurized conditions 
had significantly different RMSE in the pitch 
axis than the baseline trial (r = 0.36 to r = 0.41) 
and that the pressurized case had a significantly 
lower RMSE in the pitch axis compared to the 
unpressurized case for each glove size (r = 0.38 
to r = 0.49). No significant differences between 
glove sizes were detected for either the 
unpressurized or pressurized conditions.  

In the roll axis, a Friedman test supported an 
effect of gloved condition on RMSE for the 40 
second (𝜒 (6) = 18.51, 𝑝 =  .0051), 50 second 
(𝜒 (6) = 14.46, 𝑝 =  .0249), 60 second 
(𝜒 (6) = 14.87, 𝑝 =  .0213), and 70 second 
(𝜒 (6) = 14.25, 𝑝 =  .027) probes. Post-hoc  
pairwise comparisons support that the small 
unpressurized, prescribed unpressurized, 
prescribed pressurized, and large pressurized 
glove sizes had significantly lower RMSE than 
the baseline trial for the 40 second probe (Figure 
10) (r = .48 to r =.59), the 50 second probe (r = 
.44 to r =.54) and the 60 second probe (r = .46 to 
r =.52). For the 60 second probe, the pressurized 
condition was significantly different from the 
unpressurized condition for the large glove size 
(r = .36). For the 70 second probe, the baseline 
condition had significantly higher RMSE than 
the small unpressurized, prescribed 
unpressurized, and large pressurized gloved 
conditions (r =.46 to r = .50).  

For the response time subtask, a Friedman 
test supported an effect of gloved condition on 
response time (𝜒 (6) = 17.33, 𝑝 =  .0082) 
(Figure 11). Post-hoc pairwise comparisons 
support that the pressurized condition had 
significantly higher response times than the 
unpressurized condition for the small glove size 
(r = .63) and that for the unpressurized condition, 
the small glove size had significantly lower 
response time than the prescribed glove size (r = 
.63). While not tested formally, it can be 
qualitatively observed that the pressurized cases 
have larger interquartile ranges than the 
unpressurized cases for the prescribed and large 
glove sizes.  

 

 
     

Figure 9.  RMSE in pitch axis for each gloved condition at 
the 40 second probe. Significant post-hoc pairwise 
comparisons are notated with an asterisk. The 40 second probe 
shows subject behavior when still actively nulling the error 
induced by the LPR. 

 
       

Figure 10.  RMSE in roll axis for each gloved condition at 
the 40 second probe. Significant post-hoc pairwise 
comparisons are notated with an asterisk 
 

 
     

Figure 11.  Response time for each suited condition. 
Significant post-hoc pairwise comparisons are notated with an 
asterisk 
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IV. Discussion 
Dexterity Tasks 
 The results of the u-bolt pegboard task and the EVA tether task demonstrate an effect of glove pressurization on 
dexterity. Figures 6 and 8 show that for both tasks, all of the pressurized trials yielded significantly higher completion 
times than the ungloved baseline trials. This is consistent with findings from O’Hara et al. 29 as well as Korona et al.3 
who found that performance on dexterity tasks was reduced by pressurized EVA gloves over barehanded conditions. 
Figures 6 and 8 also demonstrate that for each glove size, pressurization significantly reduced performance over the 
corresponding unpressurized trial. This result agrees with the findings of O’Hara et al.29 who also found that glove 
pressurization leads to reduced performance on dexterity tasks over unpressurized gloved conditions. For the u-bolt 
pegboard task specifically, Figure 8 shows that only the pressurized trials led to dropped u-bolts further supporting 
the finding that pressurization led to decreased dexterity (however it should be noted that the number of dropped bolts 
ranged from 0-2 for each subject, with not all subjects dropping u-bolts). It is important to note that the aforementioned 
literature utilized EVA gloves which are always pressurized during nominal operations, whereas this study utilized 
IVA gloves which are used in an unpressurized state during nominal operations, but pressurize in contingency 
scenarios30. 
 While both dexterity tasks demonstrated differences between the ungloved condition and the pressurized condition, 
neither task demonstrated significant differences between the ungloved condition and the unpressurized gloved 
condition. These results conflict with O’Hara et al.29 who found that unpressurized glove conditions led to significant 
decrements in dexterity performance over ungloved trials in EVA gloves, although it should be noted that EVA gloves 
are not designed to be utilized when unpressurized, which may play a role in the performance decrements observed in 
that study. Our results also conflict with Newton et al.14 who found that use of an IVA glove from Final Frontier 
Designs led to a decrease in performance on a Lafayette Purdue Pegboard Task, Lafayette Hand Tool Dexterity Test 
and rope-tying task over ungloved conditions. A similarity in task performance between the ungloved condition and 
unpressurized gloved condition, as found in our study, is a desired goal of an IVA glove and these results could support 
an improvement in IVA glove design for the selected gloves in context with the selected tasks. The results could also 
suggest that the dexterity tasks used in this study were not difficult enough to result in decreased performance in the 
unpressurized gloved condition. The u-bolt pegboard task was conducted at a metronome speed of 50 beats per minute 
in order to mitigate learning effects, however this pace may permit consistent completion across the ungloved and 
unpressurized conditions. In the O’Hara et al.29 study a pacing was not provided, and subjects could select their own 
speed. For the EVA tether task, the tool itself was designed for gloved operation and only requires a simple squeezing 
motion to activate, rather than complex motions with fingers. An alternate explantion for these results could be that 
there are significant, but small effects sizes that would be observable with a larger sample size. Although the effect 
sizes observered by O’Hara et al.29 were found to be large. The similarity in performance between conditions could 
also arise if the subset of subjects that completed the task had a greater dexterity than previous studies.  
 No significant difference among glove sizes was detected for either of the dexterity tasks. While no previous 
literature examines the effect of spacesuit glove sizing on dexterity tasks specifically, this result conflicts with 
Tremblay-Lutter et al.15 who found that increased ease due to larger glove size led to reduced performance on dexterity 
tasks in chemical protective gloves. Although no there were no significant differences in medians detected, it can be 
qualitatively observed from figure 6 and 8 for both tasks, in the pressurized condition, the large glove size had the 
widest range of completion times indicating that for some subjects increased easement may have inhibited 
performance. It is unclear how the range of ease in Tremblay-Lutter et al.15 compares to the current study as underlying 
anthropometric measures are not provided to facilitate comparison with our normalized static fit measures, and the 
non-normalized measures could be not be compared because they related to different underlying body segments (digit 
length vs. hand length). 
 
Lunar Landing Simulator 
 The results of the primary flight subtask in the pitch axis support that the pressurized condition resulted in lower 
RMSE than the corresponding unpressurized condition for all glove sizes at the 40 second probe. This finding appears 
counter intuitive as pressurization led to decreased performance on both of the dexterity tasks in this study, as well as 
other dexterity tasks in the literature.3,29 A qualitative review of video footage of subjects conducting the lunar landing 
simulator task was conducted and it was noted that pulling back on the rotational hand controller to pitch the spacecraft 
upwards required more effort in the pressurized condition due to the added stiffness of the glove. Additionally, most 
subjects shifted their hand placement on the rotational hand controller from the stem of the joystick during the 
unpressurized trials to the head of the joystick during the pressurized trials. A potential explanation for the decreased 
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RMSE when pressurized is that the added 
stiffness of the pressurized condition resulted in 
smaller corrections and thus less RMSE in the 
pitch axis due to limiting any overcorrections. 
Although no previous literature specifically 
examines the effect of glove stiffness on flight 
technical performance, work by Itaguchi and 
Fukuzawa33 did find both lower constant and 
variable errors in the direction of higher arm 
stiffness on a multi-joint position reproduction 
task.  
 The results of the primary flight subtask in 
the roll axis indicate significant decreases in 
error between the baseline condition and 4 of the 
gloved conditions. Upon further examination of 
the unsorted glove trials (utilizing the random 
order each subject received glove sizes) it can be seen that for the 40 second probe (Figure 12) there is a gradual 
decrease in RMSE as the study progresses across subjects (this same trend is observed for subsequent probes) 
indicating the prescence of learning effects in the roll axis that were not observed in the pitch axis. Although subjects 
were given as many training trials as the 3-hour study period would allow, it appears that in future studies, more 
training runs are necessary for the flight performance subtask for this control axis. When examining the overall dataset 
in the roll axis, no significant effect of size or pressurization is observed. This finding could be influenced by the 
increased variability across the sorted trials due to the learning effects and the randomized fashion in which subjects 
received glove sizes.  
 For the response time subtask, the results demonstrate that for the small glove size, pressurization led to 
significantly higher response time than the unpressurized condition. However, it can also be qualitatively observed 
from Figure 11 that there was more variation in response times for the pressurized cases for the prescribed and large 
glove sizes, indicating that different individual subjects experienced a range of mental workload during the task. 
Llanos et al.26 previously found a wide range of mental workload ratings (ranging from 10 to 90 on a 100 point scale) 
as assessed by the NASA TLX scale for subjects conducting a flight simulator task in a pressurized IVA suit of fixed 
sizing. These data support the importance of individual differences on mental workload during a flight simulator task 
when wearing pressurized spacesuit gloves. These variations in response time could also be due to different motor 
strategies across subjects for responding to the communication indicator in the pressurized case, as different hand and 
finger placements were observed during a qualitiative review of video footage of subjects completing the task. 
 With respect to glove fit on the response time task, it was found that for the unpressurized case, the prescribed 
glove size resulted in significantly slower response times than the small glove size, a result in-line with the initial 
hypothesis that increased easement would lead to decreased performance on a mental workload assessment task; 
however, these timing results are not consistent with the ungloved value and the larger glove size. Further efforts are 
warranted to examine how sizing affects measures of workload derived from secondary performance measures.  
Tremblay-Lutter et al.15 also found that increased easement led to decreased performance in chemical protective 
gloves, although it is unclear if these results are comparable as that work examined dexterous performance, not mental 
workload. Additionally, Llanos et al.26 did find that when wearing a pressurized IVA suit while flying a spaceflight 
simulator, 28% percent of subjects reported mental demands higher than moderate levels as assessed by the NASA 
TLX scale indicating that spacesuit gloves can play a role in mental workload when performing a flight task. 
 
Future Work 
 Future work should entail utilizing more glove sizes to examine the effects of glove fit over a wider range of ease. 
Additionally, for dexterity tasks, it may prove beneficial to adjust task difficulty to look at the limit of dexterity in 
each condition. For the flight simulator task, it is clear from the learning effects observed in the roll-axis that it will 
be necessary to provide further training trials for this task in future studies. With respect to examining the correlation 
between static fit and performance, it is important to note that the direct measure of static fit provides a finer 
interpretation of fit beyond glove size as the direct ease metric incorporates the individual hand size, which varies, 
and glove size together. This direct ease metric was utilized in previous work by Lombardo et al.10 where it was found 
static fit had a significant relationship with tactile performance on an operational switchboard task. Work is underway 
to develop a linear mixed effect model that incorporates this direct static fit metric, as well as subject, to gain a more 

 
      

Figure 12.  RMSE in the roll axis for the unsorted gloved 
conditions at the 40 second probe. Gradual decrease in error 
over the course of all trials indicates learning effects.  



 
International Conference on Environmental Systems 

 

 

11 

in-depth understanding of the relationship between fit and performance on the flight performance subtask. Lastly, 
future studies should strive to use a larger number of subjects and wider range of hand lengths so as to gain more 
understanding across a range of spacesuit glove fits. Further discussion of study components not included in this paper 
(such as the tactility tasks and comfort and fit surveys) can be found in the other works of Lombardo et al.10,34 on this 
topic. 

V. Conclusion 
Understanding and quantifying the relationship between spacesuit fit and performance can inform an optimized fit 

process. This work sought to evaluate the relationship between spacesuit glove fit and performance on two different 
dexterity tasks and a lunar landing simulator task that assessed flight technical error and mental workload. No 
consistent significant relationships between fit and performance were found for the performance assessment tasks for 
the glove sizes evaluated. This work reaffirms results from previous literature that pressurization of spacesuit gloves 
results in decreased dexterous performance over unpressurized gloves. This work also supports that for the selected 
dexterity tasks, performance can be maintained between the ungloved and unpressurized gloved conditions. Further 
efforts would need to evaluate the limits of dexterity performance between these conditions.  
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