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R E S E A R C H  A R T I C L E

Human spaceflight and exploration beyond low-Earth 
orbit requires providing crewmembers with life sup-
port systems in the form of extravehicular activity 

(EVA) spacesuit assemblies (SSA) that simultaneously protect 
the user while maintaining mobility. Critical to mission success 
is the ability for users to effectively accomplish a series of 
mission-related operational tasks while reducing risks to health 
and injury.2,17 Human performance during mission-related 
tasks is limited by the ability of the user and the restrictions due 
to the SSA being worn. Newer SSA designs aim to increase 
mobility and reduce deviation with unsuited human kinemat-
ics, thereby reducing injury risk and metabolic cost of trans-
port.9,27 However, these designs still tend to limit mobility and 
add torque to the system. These extra torques arise from bear-
ing resistances, torques added by soft goods and rolling convo-
lute joints, and inertial changes of heavy components.11

Injury risk and operator performance, however, are not just 
dependent on SSA design, but also how the human operator 

interacts and fits with the system as a whole. Ross et al.27 
describe how designing SSAs with joint-specific mobility and 
range of motion does not necessarily guarantee the ability to 
perform specific mission-related tasks. Inappropriate fit can 
lead to misalignment between the human and suited joint, 
thereby decreasing overall mobility. Discomfort can also arise 
due to human-suit interaction pressures and can result in 
reduced mobility.27 Therefore, mobility, fit, and comfort of the 
suited operator are all related to overall task performance and 

From Harvard-MIT Division of Health Sciences & Technology, Cambridge, MA; 
Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, 
Cambridge, MA; Grinnell College, Grinnell, IA; and NASA Johnson Space Center, 
Houston, TX.
This manuscript was received for review in March 2018. It was accepted for publication in 
August 2018.
Address correspondence to: Richard Fineman, 77 Massachusetts Ave., Cambridge, MA 
02139; rfineman@mit.edu.
Reprint & Copyright © by the Aerospace Medical Association, Alexandria, VA.
DOI: https://doi.org/10.3357/AMHP.5123.2018

Objective Metrics Quantifying Fit and Performance in 
Spacesuit Assemblies
Richard A. Fineman; Timothy M. McGrath; Damian G. Kelty-Stephen; Andrew F. J. Abercromby; Leia A. Stirling

	 INTRODUCTION: 	 Human-spacesuit fit is not well understood, especially in relation to operational performance and injury risk. Current fit 
decisions use subjective feedback. This work developed and evaluated new metrics for quantifying fit and assessed 
metric sensitivity to changes in padding between the human and hip brief assembly (HBA).

	 METHODS: 	 Three subjects donned the Mark III (MKIII) spacesuit with three padding thicknesses between the lower body and HBA. 
Subjects performed a walking task with inertial measurement units on the thigh and shin of both the human and suit. 
For each step, cadence, human knee task range of motion (tRoM), difference in human and suit tROM (DtRoM), and the 
relative coordination metric (r) between the human-suit femur and tibia were computed.

	 RESULTS: 	 The MKIII significantly reduced user cadence by 20.4% and reduced tRoM by 16.5% during walking with subject-
dependent changes due to added padding. In general, the addition of padding significantly altered DtRoM; however, 
variability did exist between subjects. Mixed-effect regressions of dynamic fit (r) reflect distinct positive spikes in r 
around heel strike (human-dominated motion) and negative dips following toe off (suit-dominated motion).

	 DISCUSSION: 	 There were mixed effects of padding on gait performance and dynamic fit measures. Differences in dynamic fit between 
subjects may be more reliant on alternate aspects of fit, such as suit component sizes and designs, than padding level. 
Subjective feedback supported quantitative observations, highlighting metric utility. Future work will explore the effects 
of suit sizing components on measures of fit and performance.

	 KEYWORDS:	 human performance, suit fit, human-spacesuit interaction, coordination.

Fineman RA, McGrath TM, Kelty-Stephen DG, Abercromby AFJ, Stirling LA. Objective metrics quantifying fit and performance in spacesuit 
assemblies. Aerosp Med Hum Perform. 2018; 89(11):985–995.

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-05

mailto:rfineman@mit.edu


986    Aerospace Medicine and Human Performance  Vol. 89, No. 11 N ovember 2018

SPACESUIT FIT METRICS—Fineman et al.

mission success. Suit mobility has been quantified by evaluating 
suit joint ranges in motion and gait parameters. Cullinane  
et al.11 compared unsuited to suited gait kinematics using the 
Mark III (MKIII) planetary SSA and showed that the MKIII  
system-imposed gait characteristics significantly deviated from 
unsuited gait properties. Meyen et al.24 used a representative 
robotic system to test SSA mobility and demonstrated that 
pressurized SSAs add resistive joint torques that would poten-
tially increase the effort necessary to actuate SSA joints. Di 
Capua and Akin8 first proposed using inertial measurement 
units (IMUs) to evaluate human positioning inside of SSAs. 
Bertrand et al.5 expanded on this work and used IMUs to mea-
sure upper extremity human and suit kinematics as a means of 
understanding suit mobility and how humans move inside 
SSAs. IMUs have also been implemented to measure other 
aspects of human biomechanical performance, such as agil-
ity,7,30 balance,13 and stair climbing.25 Comfort is typically eval-
uated subjectively from user feedback. However, Anderson et al.3 
have built pressure sensors to measure the interaction forces 
between the shoulder, arm, and forearm of suited subjects and 
the shoulder bearings in the MKIII. The human-suit interac-
tion has also been modeled using computer-aided design 
(CAD). The Anthropometry and Biomechanics Facility at 
NASA Johnson Space Center has created digital models of the 
suit and human manikins to observe how different human 
anthropometries affect the alignment with suit joints and 
components.1,20

While these efforts have examined suit mobility and com-
fort, suit fit is an area of the human-suit interaction that is not 
well understood and has not been objectively measured in 
experimental settings. Apollo era SSAs were custom built 
based on individual crewmember anthropometry. Newer SSA 
designs, such as the Extravehicular Mobility Unit (EMU) 
and MKIII, have components of different sizes that can be 
interchanged to fit individual subjects. Next-generation suit 
designs have also explored greater degrees of customization, 
such as the PXS prototype with the ability to adjust shoul-
der bearing angles.1 However, it is unclear how changing the 
suit component sizes affects operational performance. NASA 
internal documentation has suggested that suit operators have 
noticed changes in arm length greater than 6 mm (;0.25 in).1 
In addition, suit operators with large gaps between the human 
and suit report difficulty in performing certain mission-
related tasks.1,27 SSAs also add mass and resistive torques to 
the human operator, which can fundamentally change natural 
operator kinematics.11,24 However, it is unclear how the opera-
tor will handle these changes in mass and resistive torques 
based on the task they are performing and the environment in 
which they are being performed (i.e., microgravity vs. planetary 
environments). A better understanding of the relationship 
between suit component size, overall suit fit, and mission-
related performance will aid design requirements for the 
degree of customization necessary for SSAs. Therefore, while 
there is evidence that spacing within the suit (indexing) and 
sizing of soft goods (arm and leg length) play a role in per-
ceived suit fit, quantified methods for evaluating fit are 

warranted to aid in the evaluation of different design solutions 
on operational performance.

A key challenge in creating these measures is that it is not 
obvious what characteristics define acceptable fit in a task and 
environment-specific manner. Fineman et al.14 began defining 
characteristics relevant to suit fit through a modified Cognitive 
Task Analysis (CTA) adapted from Stirling and McLean.28 CTA 
aims to understand information required, thinking processes, 
and goals used to make decisions within observable environ-
ments. Current decisions regarding fit are made qualitatively by 
crewmembers and engineer experts during fit-checks and 
familiarization runs. Fineman et al.14 used this human-centered 
approach through observations of fit checks and discussion  
with crewmembers and engineers at NASA Johnson Space 
Center to generate suit fit decision workflow diagrams (an 
updated version of these workflow diagrams can be found in 
Supplemental Figs. A, B, and C available online at https://doi.
org/10.3357/AMHP.5123sd.2018). These diagrams highlight 
information used to make decisions regarding fit, which can 
be leveraged to generate candidate quantified suit fit metrics.

From the workflow diagrams, two categories of suit fit are 
observed: static and dynamic (Fig. 1). Static fit refers to how the 
suited subject sits within the suit in a neutral posture. One of 
the most relevant measures for static fit is indexing, which is the 
amount of space the subject has between certain anatomical 
landmarks and components of the suit architecture (Fig. 1A). 
Other relevant considerations of static fit include the length of 
soft goods and locations where the human rubs against the suit 
when not moving. The indexing can be altered by adding layers 
of padding between the human and suit component. Dynamic 
fit refers to how the human and suit move and interact with 
each other in dynamic settings (Fig. 1B). Relevant measures for 
dynamic fit include differences in human and suit joint angles 

Fig. 1. S chematics highlighting aspects of: A) Static Fit, and B) Dynamic Fit 
extracted from a CTA of MKIII fit checks (more factors contributing to static and 
dynamic fit can be found in Supplemental Materials online at https://doi.
org/10.3357/AMHP.5081sd.2018).
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while moving and the relative motion between the suit and 
human. The human-suit interaction, when and where the human 
and suit come into contact, is also an important consideration 
when evaluating dynamic fit. It is often unclear how static fit 
might affect dynamic fit. Furthermore, it is unclear how static 
and dynamic fit might affect suited performance in operation-
ally relevant conditions and what injury risks (if any) might be 
associated with changes in these two categories of fit.

Most decisions regarding suit fit are made qualitatively; 
there exist no objective, quantitative metrics of suit fit that aid 
in sizing subjects to these SSAs. Quantitative measures could 
augment subjective feedback currently provided when SSAs are 
fitted to new subjects and aid in understanding how tasks and 
environments affect performance as a function of the selected 
static and dynamic fit parameters. This paper presents quantita-
tive metrics of suit fit that were derived from observing suit fit 
checks. A pilot study was performed to evaluate the sensitivity 
of these proposed new metrics to changes in nominal fit. Spe-
cifically, we assess the sensitivity of our metrics to detect how 
changes from nominal static fit (padding at the hip and thigh) 
cause potential changes in dynamic fit in the lower extremities 
during a simple gait task. The sensitivity analysis was accom-
plished by evaluating the hypotheses that adding padding 
between the human and hip brief assembly of the MKIII space-
suit would affect measures of a) gait performance and b) 
dynamic fit.

METHODS

Subjects
A pilot study was performed with three male subjects. Due to 
time constraints and SSA availability, an incomplete dataset was 
collected on a fourth male subject. Thus, here we present results 
from three subjects (Table I). All three subjects were novice suit 
operators and performed a fit check with the MKIII spacesuit 
on a separate day prior to this study. All subjects were cleared 
with a Class I medical exam to participate as a suit operator. The 
study protocol was approved by the NASA Johnson Space Cen-
ter IRB and the MIT Committee on the Use of Humans as 
Experimental Subjects. Subjects provided written informed 
consent prior to performing the experiment.

Equipment
This study was performed in the Anthropometry and Biome-
chanics Facility (ABF) at the NASA Johnson Space Center. 

Subjects wore a long-sleeve compression shirt and pants below 
the liquid cooling garment (LCG). Five strap-on IMUs (Opal 
IMU, APDM, Inc. Portland, OR), with embedded accelerome-
ters, gyroscopes, and magnetometers (sampling rate of 128 Hz) 
were placed above the LCG on the left/right tibia, left/right 
femur, and sacrum of each subject (Fig. 2). Five IMUs were also 
secured to the MKIII spacesuit with tape and coflex to the left/
right upper leg, left/right lower leg, and hip brief. Custom 
sleeves at the hips and thighs were stitched into the LCG to add 
padding between the suited subject and MKIII spacesuit. Foam 
padding (Viton) was inserted into these sleeves to alter the 
indexing between the subjects and MKIII at these two locations 
(Fig. 2B and C). Volumetric scans were obtained at the U.S. 
Army Natick Army Center and ABF to obtain subject anthro-
pometry. A combination of these anthropometric scans and a 
CAD model of the MKIII hip brief was used to determine the 
level of padding added to the LCG between the subject hips/
thighs and MKIII hip briefs (Table I).

Procedure
Subjects performed a series of walking tasks on an elevated 
walkway (10 m long and 1 m wide). For the unsuited condition, 
subjects donned the compression shirt, pants, LCG, and human 
IMUs, and performed 12 walking trails. For the suited condi-
tion, the MKIII was pressurized to nominal suit pressure (4.3 
psi) in a tethered configuration; i.e., no closed-loop portable life 
support system (PLSS) was used. Subjects donned the MKIII 
with all 10 IMUs 3 times, each with different padding configu-
rations at the hips and thighs: no (C0), single (C1), and double 
(C2) layer of padding (Fig. 2, Table I). The C0, no padding, con-
figuration served as a control and was the nominal component 
sizing fit configuration for each subject acquired from fit checks 
performed prior to this experiment. The approximate weight of 
the MKIII without a human inside or PLSS attached is 59 kg;2 
the actual total weight of the human and MKIII varied based on 
the subject and configuration. For each suited condition, sub-
jects performed 24 walking trials, resting as needed in between 
all trials. All 10 IMU sensors were wirelessly synchronized 
using manufacturer’s software at the beginning and end of each 
walking trial. In addition to walking tasks, participants per-
formed single and double leg balance tasks while unsuited and 
suited, but these data were not analyzed within the scope of this 
paper. Following each suited configuration, subjects were asked 
to subjectively evaluate their perceived fit compared to the 
other padding configurations. Subjective feedback was recorded 
by the test conductors. The order in which unsuited and suited 

Table I. S ubject Data and Testing Order.

SUBJECT # AGE (years)
HEIGHT  
(inches)

CROTCH 
HEIGHT 
(inches)

KNEE  
HEIGHT  
(inches)

HIP  
BREADTH  

(inches)

THIGH  
CIRCUM  
(inches)

SUIT LEG  
LENGTH

BOOT SIZE  
(Type)*

TESTING  
ORDER** C1 (inches) C2 (inches)

2 26 66 29 18.5 14.5 22 Large 8-10 (S) US-C0-C1-C2 0.375 0.75
3 25 69 31 19.5 14.5 22.5 Large 11-13 (B) C2-C1-C0-US 0.375 0.75
4 27 68 32 20 16 23 Large 8-10 (S) C2-C1-C0-US 0.25 0.50

* S 5 strap-based boot design; B 5 boa-based boot design.
** US 5 unsuited, C0 5 Configuration 0 (no padding), C1 5 Configuration 1 (one layer of padding), C2 5 Configuration 2 (two layers of padding).
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trials were performed was counterbalanced between all subjects 
(Table I).

Data Analysis
This section provides the physics-based rationale behind the 
selection of new metrics for suit fit. First, it was necessary to 
define task performance metrics and fit metrics. A simple gait 
task was utilized in this study; therefore, two metrics were 
selected to evaluate task performance: 1) cadence; and 2) human 
knee range of motion. These metrics can be computed and com-
pared between suited and unsuited trials to understand how the 
MKIII affects task performance. An ideal SSA design and fit 
should minimize deviation from unsuited kinematics.11,27

Fig. 2B highlights three aspects of dynamic fit, with more 
aspects presented in the Supplemental Figs. A, B, and C 
online at https://doi.org/10.3357/AMHP.5123sd.2018. This 
work defines two metrics to quantify: 1) the difference in suit and 
human knee angle (ΔtROM ); and 2) relative motion between 
the suit and the knee [ ( )n

HSρ t ]. The difference in the suit and 
human knee angles is computed by comparing knee task-specific 
range of motion (tRoM) during each step. ΔtRoM is defined by:

	 Δt = –S HRoM tRoM tRoM 	 Eq. 1

where tRoMS is the tRoM of the suit knee and tRoMH is the 
tRoM of the human knee. Positive values of ΔtRoM are indica-
tive of steps during which the suit had a greater tRoM, while 
negative values of ΔRoM represent steps when the human had 
a greater tRoM. ΔtRoM is computed for each step.

Relative motion between the suit and human was quantified 
by adapting the methodology from Fineman and Stirling15 that 
quantified coordination in the context of rehabilitation, termed 
the relative coordination metric (RCM, r):

	 ( )
( )

–1 Ω
) = 2t 0( an –9 °

Ω

n H
HS

S

t
ρ t

t

     
� Eq. 2

where ( )n
HSρ t  represents the RCM between the human and suit 

body segment n at time t. ( )ΩH t  and ( )ΩS t  are the angular 
velocity magnitude of the human and suit:

	 ( ) 2 2 2

/
Ω = ( ) ( ) ( )      H S x y zt ω t ω t ω t+ + 	 Eq. 3

where / /x y zω  are the angular velocity readings from IMU x, y, 
and z axes. By definition, ( )n

HSρ t  ranges between 90 and 290°, 
where ( )= 0°n

HSρ t  represents motion in which both the human 
and suit are moving completely synchronously, ( )= +90°n

HSρ t  
represents a movement in which the human is moving while 
the suit is not, ( )= –90°n

HSρ t  represents a movement in which 
the suit is moving while the human is not, and values in between 
represent motions with varying degrees of coordination 
between the human and suit. The time-series nature of ( )n

HSρ t  
allows for the observation of how relative motion between the 
human and suit evolves over time and at various phases of the 
gait cycle.

Walking trials were parsed using recorded UNIX timecode 
stamps. For each trial, a wavelet analysis was performed using 
the human tibia accelerometer and gyroscope data to identify 
the following gait phases: stance (ST), heel-off (HO), toe-off 
(TO), swing (SW), and heel strike (HS).22,26 Steps were parsed 
from heel strike to heel strike and compiled for each subject.  
A total of 72 steps were recorded for each subject. The final 
20 steps in each of the conditions were used for the remainder 
of the analysis to aid in minimizing learning effects from adapt-
ing to the MKIII suit. Cadence (steps per minute) was estimated 
by taking the number of samples in each step and dividing by 
the IMU sampling rate. For each subject, all unsuited and suited 
(C0-C2) cadence values were then normalized by the mean 
unsuited cadence for each subject. Knee angles of the human 
and suit were estimated using a Principal Component Analysis 
(PCA) method to estimate the knee hinge axis and Davenport 
algorithm to estimate the angle with respect to the axis.12,23 This 
method requires a static period with straight legs to define the 
zero-degree flexion datum. Since this static offset was not incor-
porated into the original study design, absolute values for the 
angles could not be shifted to the standard datum. However, 
task-specific range of motion (tRoM) was possible to assess. 
Thus, human and suit knee tRoM were computed for each 
unsuited/suited configuration and step. This measure does not 
reflect the full range of motion of the human and suit knee, it 

Fig. 2.  Locations of padding and inertial measurement unit sensors on humans for Configuration 0 (C0), Configuration 1 (C1), and Configuration 2 (C2).
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represents the range of the knee specific to the task performed. 
For every suited step, Eq. 1 was used to compute ΔtRoM.

Raw angular velocities from IMU 3-axis gyroscopes were 
mean subtracted based on individual sensor static noise offsets 
obtained every day prior to testing and were then filtered using 
a 6th order Butterworth 30-Hz low-pass filter. ( )n

HSρ t  was then 
computed between the human femur-suit upper leg ( F

HSρ ) and 
human tibia-suit lower leg ( T

HSρ ) using Eq. 2. Small values of 
( )Ω t  can amplify measurement noise, which can represent 

inaccurate favoring of one segment over another. Therefore, for 
differences between ( )ΩH t  and ( )ΩS t  less than 0.05 rad · s21, 

( )n
HSρ t  was set to 0. This value was determined based on the 

maximum static noise offset of the gyroscope magnitude for all 
10 IMU sensors. Values of ( )F

HSρ t  and ( )T
HSρ t  were extracted at 

all five gait phases (ST, HO, TO, SW, HS) and all 20 steps for 
statistical analysis. For the present analysis, right-sided sensors 
and body segments are presented due to an incomplete left-
sided dataset.

In summary, for each step taken while the user was wearing 
the spacesuit, the following metrics were obtained: 1) normal-
ized step cadence; 2) human knee tRoM (tRoMH); 3) ΔtRoM; 
4) ( )F

HSρ t ; and 5) ( )T
HSρ t .

Statistical Analysis
To assess sensitivity of the fit metrics, we evaluated the hypoth-
eses that the addition of padding between the human and hip 
brief assembly of the MKIII SSA would affect a) gait perfor-
mance (H1 – normalized cadence and H2 – the tROM) and b) 
measures of dynamic fit [H3 – the differences in human and 
suit knee tRoM (ΔtRoM) and H4 – the relative motion between 
the human and suit at various phases of the gait cycle as mea-
sured using ( )n

HSρ t ].
Three mixed-effect analysis of variance (ANOVA) models 

were fit to assess hypotheses 1–3. Two mixed-effect ANOVA 
were used to test H1 (normalized 
cadence) and H2 (tRoMH), where 
subject (3 levels) was modeled as a 
random effect and unsuited/suited 
configuration (4 levels) was mod-
eled as a fixed effect. To evaluate 
differences in ΔtROM  between 
subject and degree of padding 
(H3), a two-factor ANOVA was 
implemented with subject (3 lev-
els) as a random-effect and suited 
configuration (3 levels) modeled as 
a fixed effect. Post hoc comparisons 
were performed using Tukey’s hon-
esty criterion when significant 
main and/or interaction effects 
were found. Significance was set at 
P , 0.05 for all tests. Cohen’s d 
effect sizes were computed for all 
significant posthoc comparisons.10 
All ANOVA statistical tests were 

performed using MATLAB 2017b (The Mathworks, Inc., 
Natick, MA).

The effect of gait phase and padding on femur ρ [ ( )F
HSρ t ] 

and tibia ρ [ ( )T
HSρ t ] (H4) was evaluated using mixed-effect 

regression models due to their temporal nature. The data were 
modeled by fitting a random-effect intercept for each subject-
by-configuration and, for the random-effect slope, fitting the 
RCM trajectory across gait phase. The inclusion of this random-
effect slope improved model fit, P , 0.0001. The fixed effects 
included the higher-order interactions Gait Phase 3 Step Num-
ber and Configuration 3 Segment 3 Gait Phase, modeling 
Segment (femur and tibia), and modeling Gait Phase and Step 
Number in terms of 4th-order orthogonal polynomials. All 
lower-order interactions and main effects were included. The 
4th-order orthogonal polynomials for Gait Phase was an ordinal 
variable whose five values required all four polynomial terms to 
properly account for nonlinearity. The 4th-order polynomial’s 
interaction with Gait Phase significantly improved model fit,  
P , 0.05. There were 33 observations per number of predictors, 
which is above the 10 observations per predictor heuristic 
observed in the literature.4,16,18 A post hoc bootstrap power 
analysis revealed that this model had adequate power (i.e., . 
80%) for all significant effects.29 These models were created 
using the statistical software package R (Release 3.4.3, The  
R Foundation).

RESULTS

An ANOVA for the dependent variable normalized cadence 
supports significant main effects of Configuration (F(3228) 5 
266.839, P , 0.0001) (Table II). Post hoc comparisons of the 
Configuration revealed that all subjects had significantly greater 
normalized cadences when unsuited than when suited (20.4% 
reduction when suited compared to all padding configurations 

Table II.  Knee ROM and Cadence by Subject and Configuration.

SUBJECT AND  
CONFIGURATION

HUMAN KNEE  
ROM (deg) ROMΔ  (deg) CADENCE (spm) NORMALIZED CADENCE

2
US 65.8 (2.4) N/A 106.0 (6.3) 1.00 (0.06)
C0 46.8 (5.5)* 1.9 (1.8)† 79.6 (3.7) 0.75 (0.04)‡

C1 50.1 (5.8)* 9.9 (2.0)† 83.8 (4.2) 0.79 (0.04) ‡

C2 49.7 (6.4)* 24.7 (5.5)† 88.0 (4.6) 0.83 (0.04) ‡

3
US 61.4 (2.4) N/A 84.7 (3.8) 1.00 (0.04)
C0 54.9 (10.5)* 49.0 (6.2)† 68.7 (3.9) 0.79 (0.04) ‡

C1 45.6 (6.3)* 2.0 (2.7)† 67.8 (4.6) 0.80 (0.05) ‡

C2 50.5 (8.9)* 12.4 (5.7)† 71.4 (3.8) 0.84 (0.05) ‡

4
US 53.2 (2.7) N/A 99.1 (5.7) 1.00 (0.06)
C0 54.0 (5.6) 4.4 (6.4) 77.2 (5.3) 0.78 (0.05) ‡

C1 52.7 (7.0) 3.1 (8.2) 78.1 (4.0) 0.79 (0.04) ‡

C2 47.2 (5.9) 4.2 (6.3) 79.4 (6.3) 0.80 (0.06) ‡

All values are presented as MEAN (STD), US 5 unsuited, C0 5 Configuration 0 (no padding), C1 5 Configuration 1 (one layer of 
padding), C2 5 Configuration 2 (two layers of padding).
* Indicates significant difference from unsuited condition for that subject.
† Indicates a significant difference from the other two suited configurations.
‡ Indicates significant difference between subject pooled suited condition and unsuited condition.
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pooled with all subjects pooled, Cohen’s d 5 3.87). C2 had 
significantly greater normalized cadence than both C0 and 
C1 (Cohen’s d 5 0.97 and 0.45, respectively). There was no 
significant difference in normalized cadence between C0 
and C1.

An ANOVA for the dependent variable tRoMH supports 
that there was a significant main effect of Configuration 
[F(3228) 5 40.24, P , 0.0001] and a significant interaction 
effect of Subject-Configuration [F(8228) 5 9.662, P , 
0.0001] (Table II). Post hoc tests for the effect of Configuration 
revealed that suited trails significantly reduced tRoMH com-
pared to unsuited (16.5% reduction when suited compared to 
all padding configurations pooled with all subjects pooled, 
Cohen’s d 5 1.39). Post hoc pairwise comparisons were per-
formed to examine configuration within subject. Subject 2 
unsuited tRoMH was significantly greater than tROMH in all 
suited configurations C0-C2 (Cohen’s d 5 3.14, pooled for all 
suited and padded configurations); there were no significant 
differences in tRoMH between C0-C2. Subject 3 also had signifi-
cantly higher ROMH when unsuited than C0-C2 (Cohen’s d 5  
1.34, pooled for all suited and padded configurations); however, 
C0 was significantly greater than C1 and C2 (Cohen’s d 5 1.06 
and 0.45, respectively). Subject 4 had significantly greater 
tRoMH during C0 than C2 (Cohen’s d 5 1.18); no other signifi-
cant differences were observed.

An ANOVA for the dependent variable ΔtRoM supports 
significant main effect of Configuration [F(2171) 5 27.7, P , 
0.0001], and a significant interaction effect between Subject-
Configuration [F(6171) 5 35.3, P , 0.0001]. Post hoc pairwise 
comparisons of the Subject-Configuration interaction effect 
revealed specific trends for each subject. Subject 2 had  
significantly greater ΔtRoM  with more layers of padding 
( 2 1Δt >ΔtC CRoM RoM , Cohen’s d 5 3.58, 1 0Δt >ΔtC CRoM RoM , 
Cohen’s d 5 4.59, and 2 0Δt >ΔtC CRoM RoM , Cohen’s d 5 5.75) 
indicating that tRoMS was progressively larger than tRoMH 
with increased layers of padding. Subject 3 had significant differ-
ences in ΔROM for all three suited configurations with the trend 

0 2Δt >ΔtC CRoM RoM  (Cohen’s d 5 0.71), 2 1Δt >ΔtC CRoM RoM  
(Cohen’s d 5 2.10), and 0 1Δt >ΔtC CRoM RoM  (Cohen’s d 5 
2.26). Subject 4 had no significant differences in ΔtRoM with 
changes in padding.

A mixed-effects model (Table III and Table IV) was fit for 
( )n

HSρ t  (Fig. 3). Table II highlights all significant fixed-effect 

intercepts. In general, fixed-effect intercepts indicate that ( )T
HSρ t  

was negative and significantly less than ( )F
HSρ t  during all con-

figurations. A slightly positive cubic component of ( )n
HSρ t  

across gait phase indicates increases in ( )n
HSρ t  over phases of 

gait. ( )T
HSρ t  also showed a negative linear and cubic change 

across gait phase that femur did not; this negative linear rela-
tionship was also present in C2. Finally, there was a signifi-
cant positive interaction between the quartic change in ( )n

HSρ t  
over gait phases and the quartic change in ( )n

HSρ t  over step 
number.

In general, random-effect intercept predictions support that 
subject 4 had the highest values of ( )n

HSρ t , while subject 3 had 
the lowest. Linear terms reveal that subject 3 had the fastest 
positive growth of ( )n

HSρ t  over the gait phase (ST to HS), while 
subject 2 had negative decline in ( )n

HSρ t  over the gait phase. Qua-
dratic terms demonstrate that subject 2 had the highest ( )n

HSρ t  
over the middle of gait phase (HO, TO, SW), while subject 3 
had the lowest ( )n

HSρ t  over the middle of the gait phase.

DISCUSSION

This study aimed to develop quantitative measures of suit fit 
based on observed suit fit checks. In this study, static fit (how 
the human sits and is indexed within the suit in a neutral static 
position) was altered and dynamic fit (how the human and suit 
move and interact relative to each other during dynamic tasks) 
was quantified. We hypothesized that changes in lower extrem-
ity static suit fit as altered through padding around the hips and 
thighs would affect parameters associated with dynamic fit dur-
ing a walking task. The specific hypotheses we evaluated were 
that changes in padding between the human thigh and MKIII 
spacesuit hip brief assembly would affect measures of the fol-
lowing: a) gait performance (H1 – normalized user cadence  
and H2 - the tRoM of the human knee); and b) dynamic fit [H3 –  
the differences in human and suit knee tRoM (ΔtRoM) and 
H4 – the relative motion between the human and suit at various 
phases of the gait cycle as measured using ( )n

HSρ t ]. Statistical 
analysis of these hypotheses showed the following: 1) that the 
MKIII SSA reduced user cadence despite changes in padding; 
2) that the MKIII SSA reduced human knee tRoM compared 
to unsuited kinematics with subject-dependent changes due to 

the added levels of padding; 3) ΔtRoM 
was typically positive and varied in a 
subject-specific manner with padding; 
and 4) that ( )n

HSρ t  varied throughout 
the gait phase and could potentially be 
affected by suit components (i.e., boot 
fit and soft goods length).

Changes in ΔtRoM and ( )n
HSρ t  

between subjects and levels of padding 
illustrate the sensitivity of these met-
rics to potential changes in fit. While 
these metrics are sensitive to donning 

Table III.  ( )n
HSρ t  Significant Fixed-Effect Model Predictors and Coefficients.

PREDICTOR COEFFICIENT STANDARD ERROR t P-VALUE

Intercept 9.37 1.85 5.06 0.0004
Gait Phase (Cubic) 19.26 3.65 5.27 0.0003
Segment 215.69 1.01 15.54 , 0.0001
Gait Phase (Quartic) 3 Step Number Quartic 60.83 27.66 2.20 0.0280
Segment 3 Step Number Quartic 52.78 24.74 2.13 0.0331
Configuration (2) 3 Segment 6.40 1.43 4.48 , 0.0001
Gait Phase (Linear) 3 Segment 25.83 2.26 22.58 0.0099
Gait Phase (Cubic) 3 Segment 216.49 2.26 27.30 , 0.0001
Configuration (2) 3 Gait Phase (Linear) x Segment 26.29 3.19 21.97 0.0490
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the suit and adjusting a component of fit, it is still unclear 
whether these changes in quantitative metrics are relevant in 
operational settings (i.e., a Cohen’s d effect size of 3.68 com-
paring unsuited tRoMH to suited vs. Cohen’s d effect sizes of 
0.4-1.0 between suited configurations). The results presented 
here, in combination with subjective feedback from participants, 
highlight that boot fit and soft goods lengths might be more 
influential fit components than padding for lower extremity 
performance.

User cadence and tRoMH were used as measures of task per-
formance. Brinkmann and Perry6 found that the human knee 
has a 60 6 7° tRoM during normative gait, while Kadaba et al.19 
found a self-paced cadence of 111.6 6 8.3 steps/min. When not 
normalized, all three subjects in this study fell within the 1 SD 
of the reported tRoM during unsuited trials (Table II). While 
Subject 2 appeared to fall within the cadence ranges also 
reported by Kadaba et al.,19 Subjects 3 and 4 appeared to 
have lower than reported cadences. Slower cadence could be 
explained by the equipment subjects were wearing during 
unsuited trials (LCG, TCG, etc.) and precautions taken to stay 
within the elevated platform. In addition, subjects were 
instructed to strike a force plate with a specific foot during each 
trial; the addition of this cognitive element to the study may 
have created a decrease in cadence. Subjects 3 and 4 also per-
formed all unsuited trials after the suited portion of this study 
(Table I). The lower cadences observed for these subjects could 
be lingering effects of donning the MKIII SSA as all subjects 
had a lower cadence suited than when unsuited. When assess-
ing differences in tRoMH between unsuited and suited configu-
rations, subjects 2 and 3 had significantly lower knee tRoMH 
during all three suited configurations (C0-C2) than when 
unsuited. Meanwhile Subject 4 had no significant difference in 
tRoMH between all conditions (US-C0-C1-C2). It is possible 
that these changes in stride parameters and knee tRoM could 
be due to the extra weight and inertial effects of the SSA; how-
ever, previous literature has found increases in cadence and 
knee range of motion due to increased load carrying.21 The 
results presented here are consistent with Cullinane et al.11 who 
found similar deviations in operator walking kinematics while 
donning the MKIII spacesuit. They proposed that these changes 
may be due to degree of freedom limitations within the MKIII 

Table IV.  ( )n
HSρ t  Random-Effect Model Predictions for Subject-Configuration.

SUBJECT AND  
CONFIGURATION INTERCEPT LINEAR QUADRATIC CUBIC QUARTIC

2
C0 0.781 29.947 23.9514 5.414 29.546
C1 21.730 210.338 22.250 6.269 212.067
C2 3.025 23.438 20.861 10.004 210.539
3
C0 24.248 5.465 4.035 25.258 5.539
C1 22.600 6.692 3.518 25.420 7.164
C2 21.268 3.152 1.152 24.424 5.377
4
C0 3.467 4.483 20.083 20.156 4.007
C1 4.330 3.646 21.268 20.849 4.903
C2 21.757 0.286 20.291 25.581 5.162

hip brief assembly. While Cullinane  
et al.11 discussed these restrictions at the 
hip, torques are required to flex the knee 
as well; therefore, restrictions of the 
MKIII could have decreased the ability 
of Subjects 2 and 3 to fully flex and 
extend their knees during gait. Subject 4 
only had a significant decrease in opera-
tor knee tRoM during C2 (highest level 
of padding), but also had the lowest 
knee tRoM during unsuited trials and 
had the lowest values of ΔtRoM. Since 
Subject 4 had lower unsuited tRoMH, 
this subject might have had fewer 
restrictions than Subjects 2 and 3 lead-

ing to lower values of ΔtRoM and similar tRoMH when suited 
and unsuited.

In general, the level of padding at the hip brief appeared to 
have subject-dependent effects on task performance as mea-
sured using cadence and tRoMH, with large effect sizes observed 
comparing unsuited to suited measures (Cohen’s d 5 1.34–
3.87) and smaller effect sizes between suited and padded con-
figurations (Cohen’s d 5 0.45–1.34). In general, Subject 2 had 
no significant changes in these metrics with different levels of 
padding, indicating no observable change in performance due 
to adding padding. However, Subject 2 subjectively reported 
the suit being more responsive with high levels of padding. Sub-
ject 3 had significantly greater tRoMH when walking with the 
no added padding, which could be indicative of better task per-
formance, and potentially a better fit without added padding, 
aligning with this subject subjectively reporting not enjoying 
having greater levels of padding at the hip brief. Finally, Subject 
4 had reduced tRoMH when fully padded, which could indicate 
poorer task performance and poorer fit with greater levels of 
padding. Subject 4 did not subjectively notice any differences 
due to levels of padding. These mixed results using gait perfor-
mance metrics and tRoMH alone could imply that there are 
other factors affecting the fit of these subjects, especially when 
compared to the subjective feedback provided. These results 
highlight how fit is an integrated task and a few measures alone 
might not be sufficient for explaining all the variability within a 
population. Therefore, additional measures of dynamic fit could 
help broaden a quantitative interpretation of fit in the context of 
this task and better augment subjective measures, which natu-
rally incorporate these varied factors.

This work introduced a new measure, ( )n
HSρ t , to quantify 

the relative motion between human body segments and suit 
components. Positive values of ( )n

HSρ t  are indicative of human-
dominated motion, while negative values of ( )n

HSρ t  represent 
instances where the MKIII has a higher degree of relative 
motion. With this in mind, ( ) ( )> 

F T
HS HSρ t ρ t  and ( )< 0T

HSρ t  is 
indicative that above the knee, the human moved relatively 
more than the suit and dominated the motion, while below the 
knee, the suit moved more relative to the human. The quartic 
change in ( )n

HSρ t  across gait phase and step number indicated 
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values of ( )n
HSρ t  fluctuated, with more steps taken over the 

course of the study. This increase could be a learning effect as all 
subjects were novice suit operators, with only one prior experi-
ence within the MKIII SSA and thus were still learning how to 
properly perform the required programmed motions required 
by the suit. General changes in ( )n

HSρ t  over the course of the  
last 20 steps analyzed here could also be due fatigue effects. 
Future work could further examine how fatigue and experience 
influence the ( )n

HSρ t . More experience and training with these 
SSAs could aid human operators in changing ( )n

HSρ t  in a way 
that is optimized for the desired task performance outcomes 
and in ways that synergize with the preprogrammed motions 
the SSA was designed to execute. In this instance, rather than 
fighting the suit and creating more human motion relative to 
suit motion ( ( )> 0n

HSρ t ), trained strategies could encourage 

human kinematics that would be more in line with that of the 
suit for the specified dynamic task.

Subject-specific random intercepts revealed that Subject 2 
had the highest changes of ( )n

HSρ t  over the middle of the gait 
phase (i.e., around HO to SW), while Subject 3 had the smallest 
changes at these locations within the gait cycle. As shown in Fig. 
3A and 3C, Subject 2 and 4 had very large spikes in ( )F

HSρ t  right 
before HO during all three configurations that are absent for 
Subject 2 (Fig. 3B). Due to availability of suit sizing compo-
nents, Subject 3 was wearing a different size and design of boot. 
During suit fit observations, suit engineers discussed a com-
mon occurrence in which the operator heel pops out of the boot 
during gait. If this were the case during HO, the femur would 
move freely within the suit prior to coming into contact with 
the leg of the suit and providing an interaction force that swings 

Fig. 3.  Time-series representations of ( )F
HSρ t  [A-C], ( )T

HSρ t  [D-F], and Hω  [G-I] for each configuration: US (light green), C0 (blue), C1 (red), and C2 (black). Vertical lines 
represent the gait phases stance (green), heel off (yellow), toe off (orange), and max swing (purple). Solid lines represent means across all 20 steps and shaded 
regions represent 1 SD. For these plots, time-series were normalized and resampled to be the same length based on the trial with the most samples (250 samples, 
i.e., ;1.95 s).
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the suit leg forward. We hypothesize that different fits of boot 
could be contributing to the different behaviors ( )n

HSρ t  exhib-
ited during HO for Subjects 2 and 4 that were not present 
for Subject 3. Subjectively, Subject 2 did report the occurrence 
of this phenomenon during C0 and C1, while Subjects 3 and  
4 never reported issues with their boots. Follow-on studies 
controlling for boot design and fit are necessary to assess this 
hypothesis. Data here suggest that improper boot fit at the 
heel could lead to greater values of ( )F

HSρ t  and affect task 
performance.

While looking into these fit metrics individually provides 
insight into the effect of padding on dynamic fit, synthesizing 
these results from ( )n

HSρ t , tRoMH, and ΔtRoM provide a clearer 
picture of overall task performance and subject fit. Subject 3 
had lower values of ( )n

HSρ t  and Subject 4 had higher values, 
which could suggest that Subject 3 had a more acceptable fit 
than Subject 4. However, tRoMH and ΔtRoM might suggest the 
opposite since Subject 3 had the highest values of ΔtRoM and 
had a greater deviation of tRoMH from unsuited kinematics. 
These phenomena could be explained by the different boots 
these two subjects were wearing. The soft components of the 
suit act as a spring. When the foot is in contact with the ground, 
a ground reaction force aids in keeping the soft components of 
the leg compressed. When contact with the ground is removed, 
a force would be required to keep the suit from extending. If 
the soft components are able to be sized exactly, the extension 
force would be smaller than if the soft components are larger 
than desired. (This sizing condition may be the case as there 
are a fixed number of soft goods sizes.) The extension force 
may be a cause of the heel lifting out of the boot during HO. 
The tighter fitting boot of Subject 3 in combination with the 
sizing of the soft components may have reduced the motion  
of the heel, thereby enabling increased fluency between the 
human and suit. If the heel stays within the boot throughout 
the entire gait cycle, the suit knee might reach higher degrees 
of flexion as the soft components of the legs buckle and bend 
around the knee (as opposed to the expansion when the heel 
slips). From this point of view, small, positive values of ΔtRoM 
close to 0 might be indicative of good suit fit so long as ( )n

HSρ t  
remains close to 0.

The trend for the tibia to have more negative r values 
between HO and TO is consistent with the heel lifting. In gen-
eral, tRoMS . tRoMH (Δt > 0RoM ) and ( ) ( )<

T F
HS HSρ t ρ t . If 

there is some degree of the heel slipping out of the boot and 
motion is driven from the contact point of the femur with the 
suit upper leg, expansion of the suit leg soft goods allows any 
extra soft material in the legs to swing freely around the human 
foot, resulting in lower values of ( )T

HSρ t  (more suit dominated 
motion) and more tRoM in the suit knee. Synthesizing observa-
tions made about ( )F

HSρ t  and ( )T
HSρ t , a less constrained boot fit 

can result in the heel slipping out, creating high values of ( )F
HSρ t  

during HO. Meanwhile, the length of soft goods affected the 
degree of suit dominated motion between HO and TO 
( ( )< 0T

HSρ t ). Subject 3 had a boa boot design enabling a tighter 

fit, consistent with the lower values of ( )F
HSρ t . Meanwhile, all 

subjects had the same length of leg soft goods, although they 
had different anthropomorphic crotch heights (S4 . S3 . S2). 
Subject 4 had the largest crotch height and therefore the small-
est difference between soft goods length and crotch height.  
Greater differences between crotch height and soft goods 
length allows more room for the soft goods to expand during  
SW. We hypothesize that this would then lead to values of 

( )T
HSρ t  closer to 0, as observed for Subject 4. Despite tighter 

boots, Subject 3 still had slightly negative values of ( )T
HSρ t  at 

HO and TO, which may be due to the extra length in the leg soft 
goods based on his anthropometry and soft goods size. Finally, 
Subject 2 had both looser boots and the shortest crotch height 
and it is consistent that there were high values of ( )F

HSρ t  during 
HO and negative values of ( )T

HSρ t  between HO and TO.
This work aimed to examine how changing the level of static 

fit around the hip brief assembly using padding affected metrics 
of dynamic fit. Emergent in the analysis were underlying differ-
ences in the subject objective measures that may be explained 
by alternate components of suit fit, including boot design and 
soft goods lengths. The data showed that the effect of pad-
ding on objective measures of gait performance (H1-H2) and 
performance-based measures of dynamic fit (H3-H4) was 
mixed and subject-specific. While Subject 3 had differences in 
ΔtRoM with configuration, there were small changes in ( )n

HSρ t .  
Subject 4 showed minimal changes in all metrics due to changes 
in padding level. It is possible that the level of padding changed 
how Subject 3 was sitting within the suit (i.e., higher or lower 
within the hip brief), creating a modified boot fit, altered static 
alignment, and different slack within the soft goods. Subjects in 
this study had different boots and underlying anthropometry 
measurements, but were fitted with a constant lower leg length 
of soft goods. The addition of padding had a small effect size 
compared to donning the suit (Cohen’s d 5 0.45–1.18 for pad-
ding vs. d 5 1.69–3.87 for the suit, for normalized cadence, 
tROM, and DtROM metrics); however, it might be the case that 
boot design and length of soft goods played a greater role in 
reducing ( )n

HSρ t  than did padding and that these smaller effect 
sizes might not be operationally relevant. It would appear that 
the kind and fit of the boot might be more important during a 
walking task due to the larger differences of ( )n

HSρ t  observed 
between Subjects 2 and 4 compared to Subject 3, who had an 
upgraded boot design. While there were inconsistencies in the 
effect of padding between subjects, this work has demonstrated 
that candidate quantitative metrics for suit fit presented here 
were sensitive to small changes in fit. Suit fit is an integrative 
process and multiple metrics are necessary to appropriately 
interpret how well subjects fit within the suit, including the sub-
jective feedback provided from subjects wearing the SSA. This 
work does not attempt to assess “goodness” of fit, simply the 
sensitivity of new candidate metrics to changes in performance 
due to components of fit. As fit is a function of multiple factors, 
it is necessary to have multiple metrics to quantify this com-
plex term. The relationship between subjective feedback and 
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quantitative metrics will be important to consider during the 
development of these new metrics. Quantitative metrics are an 
additional tool that can be used to objectively compare the dif-
ferent performances achieved when components of fit are 
changed and may be useful to better understand subjective 
preferences.

This work was limited in the metrics that could be defined 
describing the knee angle as the study did not include a formal 
calibration period. The implementation of more robust joint 
angle estimation methods, including methods that can 
decompose joints with higher degrees of freedom, could also 
allow for deeper insight into how suit fit affects the kinematics 
of human gait at other joints, such as the hip or ankle. This 
work was limited in the generalizations that were possible due 
to the low number of subjects and the varying sizes of suit 
worn. This limitation is common in studies with space suits 
due to the limited number and availability of the suits. How-
ever, future work should aim to have higher numbers of sub-
jects and control for different anthropometric values across 
subjects cleared to wear the suit. Future work will also explore 
the hypotheses of how boot fit and soft goods length affect 
both ( )n

HSρ t  and human kinematics by controlling for the 
boot design subjects wear and the length of the suit leg soft 
goods. These studies should be performed with a greater vari-
ety of tasks where operationally relevant differences in perfor-
mance can be assessed. While we examined a walking task 
here, the changes in fit may have more implications on perfor-
mance in other operational tasks, such as kneeling, digging, or 
climbing through a hatch. The operationally relevant effects 
sizes for these tasks will be important to define and could be 
determined based on mission success criteria or injury risk 
mechanisms. Further, padding was only used around the HBA 
in this study. Padding in alternate locations with alternate 
tasks may have a greater effect on performance. Finally, sub-
jective feedback is still an integral part of evaluating fit and 
users may have different preferences; therefore, future studies 
should incorporate subjective ratings of fit in a more compre-
hensive manner.
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