44th International Conference on Environmental Systems
13-17 July 2014, Tucson, Arizona

2014-ICES-112

Feasibility of Spacesuit Kinematics and Human-Suit
Interactions
Pierre J Bertrand1, Allison Anderson2, Alexandra Hilbert3, and Prof. Dava J Newman4
Massachusetts Institute of Technology, Cambridge, Massachusetts, MA 02139, USA

There are multiple challenges associated with extravehicular activity (EVA). The design
of a spacesuit requires specific attention to the mobility of astronauts. All of the currently
flown spacesuits are gas-pressurized and can perform a wide range of functions. However,
the pressurization causes an inherent stiffness, leading to astronaut’s fatigue, unnecessary
energy expenditure and impeded mobility. The first goal of this study was to characterize the
kinematics of the person inside the suit and to compare it to the kinematics of the suit as a
result of the person’s motion inside. The second goal of the study was to demonstrate that
wearable technologies such as kinematics sensors could be implemented safely and efficiently
in the space suit environment to better assess the interactions between the human and the
spacesuit and to better monitor the performance of EVA. The study was performed in two
different suits: the David Clark Mobility Mockup and the NASA Mark III. The current
industry standard to measure spacesuit kinematics is motion capture video. Although this
technology allows external motion of the suit to be reliably measured, it does not measure
the person’s motions inside the suit. This technology is also restricted to laboratory settings
due to equipment constraints. Inertial measurement units (IMUs) use accelerometers and
gyroscopes to estimate relative rotation. IMU systems are mobile and low-power, offering an
economical and efficient kinematic tracking capability. In this study, we applied IMU
sensors to study space-suited motions. We placed IMUs on the lower arm, upper arm and
torso, both inside, on the person’s body and outside, on the space suit. This configuration
permits evaluation of the elbow and the shoulder joint angles, both internal and external to
the suit. Subjects performed three types of isolated motions: elbow flexion/extension,
shoulder flexion/extension and shoulder abduction/adduction. For each task, a comparison
of joint angles between the human arm and the suit arm has been realized. A comparison of
the angle’s amplitude between the suited pressurized condition and either the suited
unpressurized or unsuited condition was performed. The results show the different
kinematics between the human inside the suit and the suit. A statistically significant
impairment of mobility between baseline and pressurized conditions has also been
demonstrated.
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I. Introduction

T

he nature of human spaceflight will change rapidly in the near future. While recent commercial companies’
successes encourage commercial flights and space tourism in the near term, the international cooperation of
space agencies is setting roadmaps for space exploration1. The spacesuit is a self-contained spacecraft and represents
the astronaut’s only protection against the harshness of space during extravehicular activities (EVA)2. The current
roadmaps describe the spacesuit as a critical component for the future missions1,3,4. Planetary exploration will
require a tremendous amount of extravehicular activity (EVA) for exploration, science, and maintenance5, to justify
the costs and travel time needed to reach the destination. Spacesuits will need to protect astronauts against the
multiple hazards involved in the exploration while enhancing astronauts’ performance by assisting them. Improving
spacesuit mobility remains a critical goal in enhancing EVA performance. Meanwhile, the future spacesuits for
suborbital commercial flights will need to be user friendly, mobile and relatively inexpensive6.
All the currently flown spacesuits are gas-pressurized and composed of both hard and soft components. For
example, the current spacesuit used by U.S. astronauts on the International Space Station (ISS), called the
Extravehicular Mobility Unit (EMU), is formed from the spacesuit assembly (SSA), protective and comfort pieces,
and the life support system. The SSA is composed of the hard upper torso (HUT) and soft goods, which make up the
limbs and lower body, gloves and boots. Sizing rings and bearings link each of these components together7,8. When
the suit is gas-pressurized, the soft goods become stiff and rigid: “It almost feels as though you are encased in wet
concrete, and as the suit is pressurized, it feels like the concrete hardens”, describe astronauts2. In addition to the
energy required for the task performed9-12, the astronaut spends energy deforming the suit in order to be able to
move. As Dr. David Wolf, an astronaut veteran of six ISS-constructions, describes, the “EVA success relies on
thinking ahead and knowing the proper moves”, and the mantra for EVA trainings is “don’t fight the suit”2.
Movement in the suit is unnatural due to each spacesuit’s inherent programming13, leading to changes in the
biomechanical movement strategies the astronauts would use unsuited2,14. Although it efficiently protects astronauts
from the hostile environment of space, it comes at metabolic and mobility cost14,15. Astronauts spend between 30
and 42 hours underwater preparing and training in the Neutral Buoyancy Laboratory (NBL) for any given EVA2,
which leads to a variety of injuries16,17. In addition to the numerous injuries and the large energy expenditure
associated with working in current gas pressurized space suits, their reduced mobility limits both performance and
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safety9,16-20 : “much like a boxing match, each blow alone may not be noticeably painful, but the cumulative effect is
detrimental to efficiency and safety” states the astronaut Joseph Tanner2. Hand injuries are the most frequent
(fingertips, nail contact, fatigue), followed by the shoulder injuries, which are the most severe (harness and HUT
contact)16. Consequently, developing methods to better assess and understand astronauts’ kinematics, particularly
those of the upper body, represents a crucial component of space exploration programs for three reasons:
understanding and mitigating EVA injuries, improving spacesuits design 21 and enhancing astronauts’ performance
during EVA.
Several methods have been used to assess mobility and characterize suit motions5,9-11,14,21-25. Two methods are
particularly common within the spacesuit community26. Photogrammetry measures joint angles as compared to a
known background and requires that photos be taken orthogonal to the subject24,25. The second method uses a 3dimensional (3D) motion capture camera system to track markers attached to the subject’s body in 3D space. This
allows joint angles to be measured regardless of orientation9-11,14,22. For space suit applications, markers are placed
directly on the suit to characterize the suit joint angles rather than the person himself/herself. The motion capture
method is now perceived as a gold standard in the research and the industry for its high accuracy and viability.
However, the fact that these systems are restricted to laboratory settings, implying setup complexity and space
limitations, are expensive and are costly in terms of post-processing time present major drawbacks for the
kinematics and mobility human studies. Another limitation specific to the spacesuit study is that the motion capture
video system does not give access to the in-suit kinematics of the human motions.
As recent technologies have drastically reduced the price and the size of accelerometers and gyroscopes, a range
of wearable kinematics sensors have appeared in the last 15 years. Inertial Measurement Units (IMUs), composed of
accelerometers, gyroscopes and/or magnetometers have been developed in several fields and have changed the
paradigm of human motion analysis. The development and commercialization of microelectromechanical systems
(MEMS) have permitted industry and research to use kinematics wearable sensors with small form factor, low cost
and minimal setup requirements kinematics wearable sensors. MEMS are widely used in the medical studies: to
diagnose neurological disorders such as Parkinson’s disease or other dyskinesia27, to assist in clinical
rehabilitation28, or to assess every day life motion such as gait analysis29, stair ascent30 or chair rising31. Various
sports and athletics use them for field studies such as baseball pitching32, swimming33, or ski jumping34. In addition
to their small size and low cost, the IMU technology systems are perfect candidates to assess complex mobility such
as skiing or mountain biking in extreme environments33,34 and in field studies21. It is also possible to visualize the
data in real time with wireless transmissions. They have shown promising and reliable results for evaluating diverse
biomechanics, when compared with the motion capture systems21,28,31,35-38, or OpenSim software39. IMUs have been
widely used to assess different joint angles: lower body35,36,38-42, and upper body28,37. The accuracy varies according
to different studies ranging from less than 3 to 8 degrees error, on average35,38,41,42,44. However, two major problems
are relative to the use of IMUs in assessing joint angles: the first is the inherent drift due to the gyroscopes which is
amplified over time by the integration of the signal to obtain the position and angle estimates, and the second is that
information is required about the orientation of the sensors with respect to each other and with respect to the body
joint they are mounted on (lack of absolute positional data)43. No standards have been adopted for the reduction of
inherent drift or for the calibration. Some studies used external devices to update the position of the IMU, like
Motion Capture30, goniometers40, while others used fusion algorithms such as Kalman filters28,39,44 or machine
learning36 to control for the drift. The major drawback of using an external device to recalibrate the position is that it
limits the field studies. In this paper, to control the inherent drift, the fusion algorithm used by the company
manufacturing the IMUs, APDM, is called the factored quaternion algorithm (FQA)45, and is derived from the
quaternion estimator algorithm (QUEST). In addition, we proposed a novel static calibration based on quaternion
calculus to set the IMUs together and to zero the joint angles.
Studies using IMUs have already been performed on pressurized suits to assess human mobility and compare it to
the unsuited motions21,23. One recent study21 shows interesting results about the implementation of IMU in the suit.
However, little is known about the different kinematics of the human and the suit. Knowing the kinematics
differences between the human motions and the suit motions is becoming a salient question to improve the spacesuit
design21. This paper analyzes these interactions by assessing the human joint angles inside the suit and the suit joint
angles, for two different suits: the NASA Mark III suit and the David Clark Mobility Mockup. A similar pilot study
has previously been implemented to test the David Clark Company Incorporated (DCCI) Contingency Hypobaric
Astronaut Protective Suit (CHAPS)23 , but it did not use any static calibration. This study, using a new calibration to
assess both the internal (human) and external (suit) upper body joint angles of a spacesuit, demonstrates the
feasibility of implementing kinematics wearable sensors and transmitting data wirelessly in the spacesuit
environment.
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II. Methods
In this experiment, we used IMUs placed on the body and on the spacesuit to evaluate the mobility of the upper
part of the body and the suit.
A. Apparatus
Two different suits were tested during the experiment: the David Clark Mobility Mockup suit from the David
Clark Company (Worchester, MA) and the NASA Mark III suit at Johnson Space Center (Houston, TX).
The Mark III, designed by ILC Dover, allows a wide dynamic range of motions related to planetary exploration.
It is designed to enhance astronaut mobility and minimize energy expenditure, and is a test bed for future suit
development5. Similar to the EMU, it is composed of both hard and soft elements: a hard upper torso and brief
section, and soft components such as fabric elbows and knees. It also uses bearings in multi-axis mobility joint
systems featured in the shoulder, upper arm, waist, upper hip, mid hip, and upper leg5. A rear hatch entry permits the
astronaut to don the suit easily. Padded shoulder straps integrated to an internal harness are the interface between the
astronaut and the suit. It has modular leg, arm, and boot soft goods components that allow individualized sizing
adjustments with metal sizing rings. Subjects wore wearing a liquid cooling garment to provide thermal control
inside the spacesuit, and the suit was pressurized at 4.3 psi (29.6 kPa).
The Mobility Mockup is a test suit designed to evaluate new hardware rapidly on a full-pressurized suit for use
in their Demonstrator Suit. The two arms are asymmetric, with different shoulder, arm and elbow joints. It uses the
standard dual layer setup (gas container and restraint layer), with a link-net torso and a non-conformal helmet21. The
right arm, where joint angles were assessed, had two rotator bearings: one for the wrist and one on the upper arm.
The elbow joint is usually made with a flat patterned convolute design (as seen on Figure 1), but was replaced in the
study by a new bent design made of link-net fabric. The shoulder uses a continuous cable and cuff design with
convolutes, described in greater details by Jacobs46. For the study, the suit was pressurized at 3.5 psi (24.1 kPa) and
an air-cooling system provided thermal control. Figure 1 shows these two pressurized suits.

Figure 1. David Clark Mobility Mockup suit in seated position (left, photo credit Jacobs, J.) and NASA
Mark III suit (right) in stand-up position
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Many different types of IMUs are commercially available. For this experiment, APDM’s (Portland, OR) Opal
IMUs were chosen. These IMUs have been used in previous studies performed in MIT’s Man Vehicle Laboratory
(MVL)23, as well as for upper limb joint angle tracking28, and have been characterized to show consistent results
with motion capture23,28. These sensors are used to assess the kinematics of both the human and the suit. Each IMU
was composed of three orthogonal accelerometers, three orthogonal gyroscopes and three orthogonal
magnetometers. Table 1 presents their characteristics.
Table 1. Characteristics of the Opal IMUs
Dynamic range
+/- 6g
(Accelerometer);
+/- 2000 deg/s
(Gyroscope); +/6 Gauss
(Magnetometer)

Resolution
14 bits
(Accelerometer,
Gyroscope,
Magnetometer)

Bandwidth
50 Hz
(Accelerometer,
Gyroscope,
Magnetometer)

Sampling Rate
1280 Hz
(Accelerometer,
Gyroscope,
Magnetometer)

Noise
0.0012 m/s²/√Hz
(Accelerometer);
0.05 deg/s/√Hz
(Gyroscope); 0.5
mGauss/√Hz
(Magnetometer)

Connection
Frequency
band of
2.40-2.49
Hz

Size/Weight
48.5x3.56x13.4
mm;
<22g

The data from the IMUs were wirelessly collected through the Motion Studio software developed by APDM,
using a robust synchronized mode where the data was streamed from multiple synchronized IMUs. Data was only
collected wirelessly while the subject performed the motion. In this wireless mode, the battery of each IMU could
last up to 8 hours, demonstrating high viability for in field studies. The lithium ions batteries were internal to the
sensors and were recharged when plugged into the docking stations. No battery hazards or failures were
experienced. In addition, data were also logged on-board the sensors to preserve the data in case of interruptions to
the wireless signal. Each IMU could store 8 GB of data, in addition to the data streamed with the robust
synchronized mode. The range of transmission is 30 m line of sight and 10 m in an office. The synchronization
between IMU is performed wirelessly by the antenna and the resolution of this synchronization is 10 µs. Prior to the
experiment, the sensors went through a review to certify that they could be worn in the pressurized suit environment
without risk to the test subjects (e.g. due to battery leak or electrical hazards).
Six IMUs were attached to both the subject and the spacesuit to assess the elbow and shoulder motions. The
placement of these IMUs is shown in Figure 2. Three IMUs were attached to the subjects’ bodies: one each on the
lower arm (IMU #1), upper arm (IMU #2), and torso (IMU #3). These internal IMUs were attached with a harness or
straps on the body, and were secured with athletic tape to prevent them from moving. Three IMUs were attached to
the spacesuit: one each on the lower arm (IMU #4), upper arm (IMU #5), and torso (IMU #6). The external IMUs
were attached by a harness and athletic tape, or by Velcro®. The placement of the IMUs was checked after the
experiment and no major internal shift was noticed for any subject. Figure 2 shows the placement of the IMUs. As
explained in the data analysis, the joint angles were obtained by comparing: the IMUs 1 with 2 and 4 with 5 for the
elbow joint angle and the IMU 2 with 3 and 5 with 6 for the shoulder joint angles. They were placed in with the
same plane to optimize the output for isolated joint movements, but their relative orientations allow the detection of
off-axis rotations. In the case of the Mark III, the upper arm IMU was attached on the lower part of the upper arm
bearing to avoid the effect of the shoulder scye, angled towards the anterior midline of the body, which not move in
the same sagittal plane than the arm inside the suit.
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Figure 2. IMUs placement on the body and on the suit

Prior to the experiment, the gyroscopes and magnetometers of each IMU were recalibrated to minimize
respectively the gyroscope drift and the magnetic field perturbations due to the environment. At the beginning of
each condition (unsuited / suited unpressurized / suited pressurized), a static calibration was performed to assess the
drift and to reset the IMUs to the zero position. Figure 3 shows the different axes of the IMU. The mean root mean
square error (RMS) was calculated over the different static positions, for the yaw and pitch angles, and for the
internal and external joint angles. The roll angle drift was not taken into account since static 3D accelerometers in a
gravitational field will measure only two angles, because one degree of freedom is lost when the last axis is aligned
with the gravity vector27,39. The RMS computed for the static positions for the Mobility Mockup were (mean and
standard deviation): 5.8° (7.1°) for the elbow joint angle and 4.9° (5.5°) for the shoulder joint angle. Some static
positions for the Mobility Mockup had substantial drift, particularly the external IMU during the suited pressurized
calibration, explaining the large standard deviation. A miscalibration of the magnetometers is suspected to be the
cause of this drift. No similar drift was seen in the dynamic data, where the baseline of the joint angles remains
constant. This drift is likely caused by the fusion algorithm, which relies falsely on the magnetometers readings
during the static calibration, but when the IMUs start moving, the fusion algorithm may rely more on the
accelerometers readings . Further investigations need to be done on this phenomenon and on the nature of the fusion
algorithm used by the company manufacturing the IMUs. A comparison with an Extended Kalman Filter will also
aim at evaluating this effect. The RMS computed for the static positions for the Mark III were: for subject 1, 1.2°
(1.1°) for the elbow joint angle and 3.3° (4.8°) for the shoulder joint angle, while for subject 2, it was 1.2° (1.0°) for
the elbow joint angle and 1.5° (1.6°) for the shoulder joint angle. The motions lasted approximately 30 seconds and
no sample drop occurred over the entire experiment.
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Figure 3. Orientation of the lower arm IMU located on the body and definition of the axis
In addition to the IMU systems, the motions were also recorded by three different video cameras positioned to
provide a side and a front view of the subject performing the tasks. This was used to compare the results and ensure
baseline accuracy.
B. Procedure
Prior to each test, the gyroscopes and the magnetometers of each IMU were recalibrated to maximize the
accuracy of these sensors and to take into account the magnetic environment of the experiment. Before the test, a
static calibration was performed: the subjects were first asked to stay in a static position for 20 seconds, with the arm
straight at their side The test protocol was divided into two parts: a series of targeted motions and a series of fullrange motions. During the targeted motions, subjects were asked to repeat 3 isolated joint movements 4 times each
with a targeted amplitude of 90 degrees. The isolated joint movements were elbow flexion/extension, shoulder
flexion/extension and shoulder abduction/adduction. A right angle was used as a target to ensure their motion was a
full 90 degrees. This targeted motion test was used to check the accuracy of the IMU readings on a known angle
(Part A of the results), but was not subject to any statistical analysis because of a small sample size (4 repetitions).
The full range of motions consisted of 12 repetitions of each of the movement tasks. The subjects were asked to
accomplish the motions with the maximum possible amplitude, especially for the end of the adduction or the
extension. Figure 4 shows the 3 isolated joint movements performed: elbow flexion/extension (T1), shoulder
flexion/extension (T2), and shoulder abduction/adduction (T3). Elbow flexion/extension and shoulder
flexion/extension were performed in the sagittal plane while shoulder abduction/adduction was performed in the
coronal plane. For each movement, the 12 repetitions were further subdivided into 3 groups of 4 repetitions each.
This was done to evaluate subject fatigue or potential change of biomechanical strategies over the course of the test
period. Each of these test conditions was counterbalanced and randomized for each subject. After each group of
movements, qualitative information on subject constituency, contact with the suit, and fatigue was collected.
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Similarly, unsuited data was also collected after the suited portion of the experiment for targeted and full range
motions. The unsuited experiment consisted of 4 repetitions of each of the three tasks. For the Mobility Mockup
only, data was collected while suited but unpressurized with the full experimental protocol. Due to hardware
malfunction, the unsuited data from the Mobility Mockup was not usable. Recovering the data logged onboard the
sensor is ongoing work and is not presented here since the post-test synchronization between IMUs must be
performed. The joint angle amplitude was compared between the suited pressurized and suited unpressurized
conditions for the Mobility Mockup and between the suited pressurized and the unsuited conditions for the Mark III.

(a). ELBOW FLEXION/EXTENSION

(b). SHOULDER FLEXION/EXTENSION

(c). SHOULDER ABDUCTION/ADDUCTION

Figure 4. Full range of isolated motions performed with the Mark III suit: (a) Elbow flexion/extension, (b)
shoulder flexion/extension, (c) shoulder abduction/adduction
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C. Participants
The subjects were selected based on availability from a group of David Clark and NASA JSC personnel. The
Mobility Mockup was tested with one subject while the Mark III was tested with 3 different subjects. The subjects
all met the medical requirements for in-suit testing. They were asked to complete an Informed Consent Form
complying with the MIT Committee on the Use of Humans as Experimental Subjects policy and the IRB
requirements of the different institutions involved. A safety briefing was conducted before the experiment. The test
subjects were very experienced with suit tests and were fully comfortable with the motions they were asked to
perform. Three of the subjects were right-handed and one was left-handed. The subjects wore the IMU systems on
the right side of the upper body while performing the tests, and angle histories were recorded. Prior to the test,
anthropometric measurements of the upper body and IMU placement were recorded for each subject. The
participants were then trained on each movement and allowed to repeat it as many times as they desired. One subject
tested in the Mark III suit was excluded from the study because of the miscalibration of the gyroscopes from two
IMUs. One of the gyroscopes from each of the two IMUs was wrongly calibrated during the pre-calibration and
detected a constant substantial drift during the all experiment. They were recalibrated after the test and worked
without major drift for the other subjects. The participants were appropriately sized to fit the suit in which they
performed the experiment. Subject 1 in the Mark III used the large lower limb and large arms, while Subject 2 wore
the medium size of the lower limb and arm.
The subjective feedback suggested that no subject felt as if they had modified their kinematic strategies of
motions during the experiment and they did not express any fatigue.
D. Data Analysis
Each IMU provides data from its 3 gyroscopes, 3 accelerometers and 3 magnetometers (one for each axis). The
factored quaternion algorithm (FQA), described in Yun45, was used as a fusion algorithm to obtain the orientation
angles in quaternion. It was directly implemented by APDM. It uses a mode where the algorithm attempts to
determine whether or not the magnetic field is significantly disturbed by comparing the magnitude and inclination
with values determined during the most recent field recalibration. When the magnetic field is disturbed, it is
excluded from the update process, and the accelerometers are used to update the measure of the gyroscopes. All of
the 9 sensors within one IMU were thus used. To measure the orientation of a joint angle, according to the standards
of biomechanics47, the orientation of the IMU of distal point should be expressed in the reference frame of the IMU
of the proximal point. For example, according to Figure 2, the orientation quaternion of the elbow joint of the body
inside the suit is:

!

(1)

q1: quaternion of the IMU #1
q2: quaternion of the IMU #2
A static calibration was then required to “zero” the orientation of the IMU, by taking into account the static
position at the beginning, in order to align the quaternions with each other to assess correctly the joint angle. The
effect of the calibration is to bring the distal IMU into a known alignment in the reference frame of the proximal
IMU. A calibration quaternion was used to convert the raw output of the sensor to the joint angle using the following
equation, with the example of the elbow joint shown:

!

(2)

The calibration quaternion !
is found with the static calibration: during 20 seconds, the
subjects were asked to stay as still as possible in a standing posture where the two IMUs of the upper arm and the
lower arm are aligned. In theory, two perfectly aligned sensors would give the static position quaternion as:

!
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(3)

where [1 0 0 0] is the unity quaternion, corresponding to zero degrees of joint angle difference between the two
sensors.
To find the difference between the average of the measured quaternion !
quaternion, the equation used is:

!

and the idealized

(4)

The same procedure is used for the external elbow calibration quaternion (IMUs #4 and #5). However, for the
shoulder joint angle, the IMU located on the upper arm and suit arm (IMUs #2 and #5 respectively) in the sagittal
plane and the IMUs located on the torso (IMUs #3 and #6 respectively) in the coronal plane have an additional +90°
around roll axis in a static position. Equation (3) should then be replaced by:

!

(5)

where this quaternion represents a roll rotation of +90°.
The quaternions are a powerful representation of orientation since they do not have any singularities, unlike
Euler angles where certain orientations can be achieved through multiple different rotations. However, it is not
intuitive to visualize the rotation and the orientation in quaternion representation. Further work will attempt to
represent the quaternion readings directly in three dimensions in order to avoid this singularity, but this paper
presents the results using Euler angles. The orientation quaternions of each joint angle were then converted into
Euler angles based on the following equations:

!
!

!

(6)

When quaternions are converted into Euler angles, a singularity occurs when the pitch approaches ±90°, called
the gimbal lock. To avoid this singularity, the quaternions were converted to Euler angles in different sequences of
rotation, using the quat2angle function in MATLAB.
The Euler angles around the axis of rotation of the motions (Yaw for Elbow flexion/extension, Yaw for shoulder
flexion/extension and Pitch for shoulder abduction/adduction) were then plotted, with the axis defined in Figure 3
and analyzed in two different analysis. The first one used the targeted motions of 90 degrees to characterize the
motions inside the suit and to compare them with the motions of the suit (Part A of the results). Knowing the
external angle (90°) allowed for verification of the results provided and was used to accurately understand the
internal movement strategy of the human inside the suit. It was not possible to match accurately the right angle and
the arm of the suit or the arm of the human, so the targeted motions analysis is not made to compare the amplitude
with the 90° but to compare the joint angle internal and external. The full range data (Part B of the results) was
analyzed to compare the suited range of motions with the unsuited (Mark III) or suited unpressurized (David Clark
Mobility Mockup) condition. The study focused on the amplitude of the motions. Comparisons between suits were
not relevant here, since they both are designed for different purpose, they were tested with different subjects and
because the experimental setup changed between the two tests. Similarly, comparing the amplitude between the
different types of motions is not appropriate because both the suit’s elbow and shoulder joints and the body elbow
and shoulder joints work very differently.
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E. Statistical Analysis
The full range motions were analyzed for statistical significance (α = 0.05) using different statistical tests
according to the suit used. The Mobility Mockup presented two identical conditions (pressurized/unpressurized)
repeated by the same subject, and the data was collected for the internal and external joint angles. After checking for
normality of the data, we used a 2 way ANOVA model with unbalanced sample size, the two factors being the
pressurization (unpressurized/pressurized) and the joint angle studied (internal/external). By this model, we analyzed
the effects of the pressurization. For the Mark III, the two subjects were analyzed independently because of the large
variability in kinematics between subjects. Since the data was not normally distributed and the variance was not
constant, non-parametric tests have been performed on the Mark III data. A Kruskal-Wallis test was applied to each
motion for each of the two subjects, comparing the three combinations of suit/joint angle studied: Unsuited Internal,
Suited Pressurized Internal, and Suited Pressurized External. A follow-up Mann-Whitney U test was used to perform
the pairwise comparisons, applying a Bonferonni family wise correction. Targeted motions were not analyzed
statistically because of the small sample size of each motion (4 repetitions only).

III. Results
A. Targeted motions for in-suit characterization
The three isolated joint movements were plotted, and the peak-to-peak amplitude was then studied for each
motion of each suit. The Mark III was analyzed with the two subjects (S1 and S2) and the Mobility Mockup with
one subject, but considering suited pressurized and suited unpressurized. The results are presented in Table 2.
Table 2. In-suit motions characterizations: mean (standard error)
MOBILITY MOCKUP
TASKS
ELBOW
FLEXION/EXTENSION
SHOULDER
FLEXION/EXTENSION
SHOULDER
ABDUCTION/ADDUCTION

Suited
Unpressurized
Internal

92.3 (0.8)

Suited
Pressurized
83.4 (1.6)

External

MARK III (Subject 1)

MARK III (Subject 2)

Suited Pressurized

Suited Pressurized

77.1 (1.7)

76.1 (3.1)

83.9 (1.2)

92.3 (0.8)

114.7 (2.1)

115.9 (3.5)

Internal

76.8 (4.4)

69 (1.5)

61.6 (3.2)

38.2 (0.8)

External

84.3 (3.9)

76.5 (1.3)

77.1 (5.0)

59.5 (4.0)

Internal

63.4 (0.3)

49.9 (1.4)

41.3 (0.4)

52.2 (1.1)

External

71.2 (2.7)

43.7 (2.0)

32.1 (1.3)

57.1 (0.6)

This table shows interesting results about the different kinematics strategies between the external and the
internal joint angles. First, we observe that the Mobility Mockup amplitudes match the targeted amplitude of 90° for
most of the motions and the conditions. Nevertheless, we note that the suited pressurized shoulder
abduction/adduction largely differs from 90°. By analyzing the videos of this motion, we realized that the elbow
joint of the right arm (where the IMU was placed), was naturally bent when pressurized, so the subject tried to align
his hand with the target and failed to perform a shoulder abduction/adduction of 90°, thus explaining the measured
amplitudes. An interesting result about the Mobility Mockup is the different response to human motions when it is
pressurized versus unpressurized. For the elbow flexion/extension, when unpressurized, the amplitude of the human
body joint is higher than the amplitude of the suit, suggesting that the arm pushes the suit at the top of flexion and at
the bottom of extension. When pressurized the response is the opposite: the amplitude of the suit joint is higher than
the amplitude of the human body joint. This result suggests that the human arm does not follow the suit axis of
rotation but shifts inside the suit. In the case of the elbow flexion/extension, the elbow seems to ramp up inside the
suit, translating the human axis of rotation relative to the axis of the suit. The human arm bends in a different way
than the suit arm bends, when it is pressurized, probably because it has more space to translate. Figure 5 shows this
difference in the response of the suit for the elbow flexion/extension motion. In addition, we note that the external
amplitude is slightly lower than the internal one at the end of the extension. This can be interpreted as the “spring
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back” effect of the pressurized suit on the human arm during extension. This hysteresis effect has been shown by
Schimdt and Newman48: when pressurized, the suit that drives the extension back to the static position.
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Figure 5. Elbow flexion/extension for Mobility Mockup unpressurized (left) and pressurized (right)

While the Mobility Mockup motions correctly match the 90° target, we observe a large difference in the joint
angles of the Mark III, both between internal and external, and across subjects. The large differences relative to 90°
can be explained in part by the geometry of the Mark III: the large shoulder convolutes and the tilted scye bearing
made it difficult to reach the 90° target with accuracy. Indeed, the right angle used to indicate the 90° target to
subjects was hard to accurately align with the suit parts. The major differences between the internal and external
joint angles are seen for the elbow flexion/extension in the two subjects: the suit joint angle is higher than 90° by
approximately 15°, while the internal joint is lower by 13°, leading to a difference between the two of about 30°.
This huge difference suggests that the axis of rotation of the body elbow is translated relatively to the axis of
rotation of the suit. The video of the motion attests that the suit was at an amplitude higher than 90°. The difference
between the internal and external joints is smaller for the other motions. Finally, we notice that there are differences
between the two subjects in the Mark III for the shoulder motions (flexion/extension and abduction/adduction).
Large variability is expected between subjects because of the structure of the Mark III: the shoulder bearing is not
vertically mounted to the hard upper torso (see Fig. 1), leading to a multiple axis rotation (combination of Yaw,
Pitch and Roll) for the shoulder motions. Thus the subjects have a large variability since there are multiple ways for
the human body to achieve the same motion with the suit. Additionally, the suit fits each subject differently.
The full range motion analysis will allow us to compare the different joint amplitudes, thus avoiding the
additional uncertainties of having a target that is difficult to reach with accuracy.
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B. Comparison full range motions
The three isolated joint movements were performed through the subject’s full range of motion. The subjects
repeated the same motion 12 times. The amplitude of the motions when the subject was suited was studied and
compared to the suited unpressurized amplitude for the Mobility Mockup and the unsuited amplitude for the Mark
III. The results are presented in Table 3. Figures 6, 7 and 8 show representative trials from the Mobility Mockup and
the Mark III (subject 1 and 2) for each motion, with the suit pressurized. The unsuited and suited unpressurized data
have not been plotted but were used to perform the statistical comparison between the suited and unsuited or suited
unpressurized amplitudes.

Table 3. Angle amplitude of full range motions: mean (standard error)
MOBILITY SUIT
TASKS

MARK III (Subject 1)

MARK III (Subject 2)

Suited
Unpressurized

Suited
Pressurized

Unsuited

Suited
Pressurized

Unsuited

Suited
Pressurized

134.7 (1.7)

142.5 (3.8)

135.38 (1.0)

117.0 (6.3)

ELBOW
FLEXION/EXTENSION

Internal

147.8 (5.7)

133.1 (1.3)

External

152.8 (2.4)

136.8 (2.3)

SHOULDER
FLEXION/EXTENSION

Internal

93.3 (6.3)

75.4 (2.0)

External

100.7 (3.0)

85.6 (2.6)

SHOULDER
ABDUCTION/ADDUCTION

Internal

124.6 (1.4)

72.7 (1.7)

External

123.66 (1.9)

66.4 (3.4)

183.5 (10.2)
258.0 (3.8)

119.0 (17.2)

113.4 (6.3)
178 (1.3)

130.1 (6.2)

169.6 (10.6)
198.4 (11.3)

62.2 (1.6)

166.6 (7.7)
149 (3.2)

76.4 (6.2)

67.9 (4.6)

82.1 (9.1)

Figure 6 presents an example of the full range elbow flexion/extension performed pressurized in the different
pressurized suits. The amplitude of the elbow flexion/extension is relatively homogenous across suits and subjects,
in accordance to the standard value26 estimated around 140°. We note, however, that body kinematics inside the suit
vary from one suit to another. The “spring back effect” can be seen for the Mobility Mockup but is not observable
for the Mark III suit. We can observe that the external angle is much higher (40°) than the internal one for subject 1
in the Mark III. This effect is likely due to a wrist bending of subject 1 during the full range motions. The internal
IMU #1 was located on the forearm and could not bend with the wrist while the wrist could bend the glove where
the IMU #4 was located, artificially increasing the amplitude of the elbow joint of the suit, without modifying the
joint of the body.
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Figure 6. Full range of Elbow flexion/extension in pressurized suits
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10

15

Figure 7 presents an example of the full range shoulder flexion/extension performed pressurized in the different
suit. The shoulder flexion/extension motion performed in a full range mode reveals large differences among the
subjects regarding the amplitude, shape and relative position of the different joint angles. The shape and amplitude
of the Mobility Mockup suit are very similar. The “spring back” effect is visible and the end of the extension
(negative values) slightly appears. The Mark III shows very different profiles in shape and amplitude both between
the internal and the external joint angle, and between subjects. The multiple axis motion of the suit, due in major
part to the inclined shoulder bearing explain this difference in shape. The IMU #5 located in the upper arm of the
suit, was not located on the shoulder convolutes but on the top of the elbow segment. The combination of the two
non planar bearings (scye and shoulder) to perform planar motions such as the shoulder flexion/extension, lead to
rotation of the elbow section of the suit, which is perceived as a multiple axis rotation of the IMU located on the suit
upper arm in the referential of the torso. That is why we see such discrepancies in shape for the elbow
flexion/extension. The negative amplitude of the external joint angle for subject 1 shows the extension of the
shoulder (negative values). Subject 2 joint angles tend to be similar, suggesting that the rotation of the shoulder
bearing did not affect the shoulder joint reading and that the motions strategy of the human inside the suit were
equivalent to the suit motion. We can feel here the limitations of a 2 dimensions analysis since it is hard to
understand a multiple axis motion. Further 3 dimensions analysis needs to be done to analysis these non-planar
motions.
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Figure 7. Full range of shoulder flexion/extension in pressurized suits

Figure 8 presents an example of the full range shoulder abduction/adduction performed pressurized in the two
suits. The shoulder abduction/adduction motion is also highly variable between suits and subjects in terms of
amplitude and relative position between the internal and external joint angles. The Mobility suit shows the “spring
back” effect at the end of the adduction (negative values). The difference at the top of the abduction between the
internal and external joint angles suggests a translational shift of the axis of rotation, leading to a different
kinematics between the body and the suit. The Mark III suit seems to have a multiple axis motion for the shoulder
abduction/adduction that can be seen with the “broken” shape of the external angle. The video confirmed this
kinematic lock that can happen during a shoulder abduction/adduction. When the shoulder bearing suddenly rotates,
the axis of rotation of the joint angle changes and different axes (Yaw and Roll) are affected. The end of adduction
is visible for both subjects.
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Figure 8. Full range of shoulder abduction/adduction in pressurized suits

A two-way ANOVA test was performed on the Mobility Mockup motions, taking into account the pressurization
(pressurized/unpressurized) and the joint angle types (internal/external). No interactions were found between these
two factors for any motions (for elbow flexion/extension F(1,36)=0.03, p=0.86; for shoulder flexion/extension
F(1,44)=0.13, p=0.72; for shoulder abduction adduction F(1,36)=1.71, p=0.2). The pressurization of the suit has a
systematically significant effect over all the motions: elbow flexion/extension, F(1,36)=16.22, p=0.0003; shoulder
flexion/extension F(1,44)=20.29, p=0; shoulder abduction/adduction F(1,36)=744.26, p=0. No significant effect of
the location of the IMU (internal or external joint angle) was found for the elbow flexion/extension and the shoulder
abduction/adduction (respectively F(1,36)=1.321, p=0.26 and F(1,36)=3.22, p=0.08), while a significant effect was
found for the shoulder flexion/extension: F(1,44)=5.82, p=0.02. Figure 9 shows the changes in amplitude between
unpressurized and pressurized motions for the internal and external joint angles in the Mobility Mockup. For clarity,
the significant effect of the location of the joint angle (internal/external) for the elbow flexion/extension is not
shown on the figure.
180
160

Internal Suited Unpressurized
External Suited Unpressurized
Internal Suited Pressurized
External Suited Pressurized

*

140

*

Angles (degrees)

120

*

100
80
60
40
20
0

Elbow flexion/extension

Shoulder flexion/extension

Shoulder abduction/adduction

Figure 9. Changes in amplitude of internal and external joint angles between unpressurized and
pressurized Mobility Mockup for different tasks with the standard error
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The Mark III data was analyzed using a Kruskal Wallis non-parametric test comparing the three treatments:
unsuited internal, suited pressurized internal, suited pressurized external. The shoulder flexion/extension shows
significant effects of the conditions for the 2 subjects (subject 1: X2(2)=13.12, p=0.0014, subject 2: X2(2)=13.56,
p=0.0011), and for the shoulder abduction/adduction (subject 1: X2(2)=10.64, p=0.0049, subject 2: X2(2)=6.4,
p=0.0408). The elbow flexion/extension shows significant effects of condition for subject 1; X2(2)=11.72, p=0.003,
but not for subject 2: X2(2)=3.19, p=0.2032. A Mann-Whitney U test with a Bonferonni correction was performed
on each motion to assess the comparison of different conditions. We analyzed the pairwise comparison differently.
The comparison between the internal joint angle unsuited and the internal joint angle suited represents the
modification of human kinematics strategies when the subject is suited. No significant effects of modification of
human kinematic strategies are seen for the elbow flexion/extension (subject 1: p=0.2256, subject 2, p=0.3791), but
significant change in human kinematics strategies are seen for both shoulder flexion/extension (subject 1: p=0.0011,
subject 2: p=0.0077) and shoulder abduction/adduction (subject 1: p=0.0011, subject 2: p=0.0015). The second
analysis assesses the impairment of mobility between an unsuited subject and a suited subject by comparing the
internal joint angle unsuited and the external (suit) joint angle suited. Significant effects are shown depending on the
subjects and on the motions: elbow flexion/extension (only subject 1: p=0.0029), shoulder flexion/extension (only
for subject 1: p=0.0011) and shoulder abduction/adduction for both subjects (subject 1: p=0.0011, subject
2=0.0029). Finally, the last analysis compares the internal and external joint angle when the subject is suited.
Overall, it shows lest significant effects. The only one that is revealed by the analysis is only present in one subject:
elbow flexion/extension for subject 1 (p=0.0071) and the shoulder flexion/extension for subject 2 (p=0.0011). Figure
10 and Figure 11 show the changes in amplitude of the joint angles across the three treatments (unsuited internal,
suited internal, suited external) for subject 1 and subject 2, respectively.
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Figure 10. Changes in amplitude of internal and external joint angles between unpressurized and
pressurized Mobility Mockup for different tasks with the standard error, for subject 1

For subject 1, we note that the significant differences in amplitude for the elbow flexion/extension in subject 1
are biased by the wrist bending of subject 1 during the flexion. It adds additional amplitude only for the external
joint angle, which does not represent the real elbow flexion/extension. Otherwise, we note the systematic
impairment of mobility between the unsuited motions and suited motions.
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Figure 11. Changes in amplitude of internal and external joint angles between unpressurized and
pressurized Mobility Mockup for different tasks with the standard error, for subject 2
For subject 2, we note the impairment of mobility in shoulder motions. We also observe the variability in
amplitude between the 2 subjects where subject 2 generally seems to have lower amplitude. For the shoulder
motions, we especially see that the unsuited amplitude is on average lower than for subject 1. Further statistical
analysis needs to be performed on more subjects in order to conclude anything about the variability across subjects,
but our results do reveal a difference.

IV. Discussion
This experiment presented both in-suit motion of the body and the mobility impairment caused by pressurized
suits. The in-suit characterization revealed different kinematics between the body and the suit when the suit was
pressurized. The IMU placement showed good stability over the entire experiment for every subject. The overall
analysis of the targeted motions shows that the human body does not necessarily perform a higher joint angle than
the one observed with the suit, because the axis of rotation of the elbow or the shoulder can translate inside the suit,
especially when pressurized. This is a new result compared to the previous study performed on spacesuit
kinematics23. As a good example, the Mobility Mockup shows interesting effects due to the pressurization of the suit
for the elbow flexion/extension. We also note the large difference in amplitude for the Mark III suit when compared
to the targeted 90°, especially the discrepancies between the human and the suit elbow joint angle. We explained
these discrepancies by the geometry of the suit and the large upper arm of the Mark III that leaves room for the arm
to move and translate; however, further analysis needs to be done to evaluate this. The full range motion analysis
presents very interesting data on the impairment of mobility when the suit is pressurized. We note a systematic
decrease in amplitude for the three different motions of the elbow and the shoulder in the Mobility Mockup, and
significant impairment of the shoulder joint angle for the Mark III, compared to the unsuited motions. Some
differences in amplitude between the suit motions and the human motions are visible for the shoulder
flexion/extension in both the Mobility Mockup and the Mark III. In addition, we see major differences in the nature
of the motions in the Mark III for the two shoulder motions. Further 3D-analysis needs to be done to better assess
the non-planar kinematics of the shoulder motions in this suit. Finally, we note the large difference in amplitude
between the two subjects using the Mark III, especially for the shoulder motions. The two subjects differed in height
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and used two different suit fits. Further similar studies need to be done to better assess this variability and
understand how to account for the design and fit of the suit.

V. Limitations
Although IMUs provide promising results in many different fields assessing human kinematics, some limitations
remain due to the nature of the sensors . The accelerometers cannot differentiate gravitational acceleration from a
linear acceleration due to a motion, the gyroscopes have inherent drift, and perturbations in the magnetic field can
add bias in the readings of the magnetometers. The use of the FQA algorithm tends to combine all this data in order
to optimize the readings, but little is known about the composition of the overall fusion algorithm used by APDM.
Assessment of the RMS during the static posture shows both some small fluctuations around zero and substantial
drift in the Euler angle readings (not on the IMU gyroscopes), for some different static calibrations performed.
These substantial drifts were not perceived during the motions, where the baseline remains relatively constant, and
did not appear to affect the measures. As was done in previous studies21,23, comparing IMU measurements to motion
capture data for the same motions can be useful to obtain the dynamic accuracy of the readings, and calculate, if any
the dynamic RMS between the VICON measures and the IMUs. In future work , the authors would like to analyze
the data with other algorithms, such as an Extended Kalman Filter (EKF), to assess the validity of the current
measurements. Also, the novel static calibration proposed needs to be analyzed and compared with other types of
calibrations. Finally, these studies showed that non-planar motions involving 3D joint angles are difficult to
represent in 2D or with Euler angles. As it is not possible to represent the orientation and rotations with quaternions,
the authors are considering a way to visualize the quaternion measurements in 3D to better understand complex
motions such as those of the shoulder.

VI. Conclusions
Maintaining natural human mobility is a challenge for space suit design. The current pressurized suits provide
incredible safety and mobility, permitting pilots and astronauts to perform a large panel of motions in a very hostile
environment. However, the interactions between the human and the suit are relatively unknown. A better
understanding of how the human moves and interacts with the suit is a necessary path to improving spacesuit design
and to meeting the challenge of planetary exploration. In addition, implementing wearable sensors in the spacesuit
environment can lead to better monitoring of EVA and would assist astronauts. The present study has opened the
door to in-suit testing and has revealed significant results about the in-suit kinematics of the human body. This study
could be extended to compare different sizes of suits for one subject and evaluate the kinematics for these different
sizes. IMUs are low-powered, light, small, mobile, and represent an efficient technology to better understand these
interactions hidden by the suit. The study has confirmed and specified the impairment of mobility in the elbow and
the shoulder joints across different pressurized suits. Further work will focus on developing a 3 dimensional (3D)
visualizer of IMUs that uses quaternion data directly in order to avoid the Euler angle singularity, and a better
understanding multiple axis motions. Additional joints could be studied using new motions. The current experiment
also asked subjects to perform a series of functional motions involving multiple axis series of isolated motions.
Future work includes analyzing this information with the 3D visualizer. The IMUs could also be used to assess
kinematics during a field experiment or during under water training, while the motion capture video system is
limited to laboratory settings. Studying in-suit kinematics could be particularly relevant for quantifying the
difference between dry and wet spacesuit immersion during underwater training. Inertial sensors can also have
numerous terrestrial applications in athletics, animation movies and medical studies.
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