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Electromyography for teleoperated tasks in
weightlessness

Annette Hagengruber, Ulrike Leipscher, Bjoern M. Eskofier, and J6rn Vogel

Abstract—The cooperation between robots and astronauts
will become a core element of future space missions. This is
accompanied by the demand for suitable input devices. An
interface based on electromyography (EMG) represents a small,
light and wearable device to generate a continuous 3D control
signal from voluntarily muscle activation of the operator’s arm.
We analyzed the influence of microgravity on task performance
during a 2D task on a screen. Six subjects performed aiming
and tracking tasks in parabolic flights. Three different levels of
fixation — fixed feet using foot straps, semi-free by using a foot
rail, and free-floating feet — were tested to investigate how much
user fixation is required to operate via the interface. The user
study showed that weightlessness affects the usage of the interface
only to a small extent. Success rates between 89% and 96% were
reached within all conditions during microgravity. A significant
effect between 0G and 1G could not be identified for the test
series of fixed and semi-free feet, while free-floating feet showed
significantly worse results in fine and gross motion times in 0G
compared to ground tests (with success rates of 92% for 0G and
99% for 1G). Further adaptation to the altered proprioception
may be needed here. Hence, foot rails as already mounted in
the ISS would be sufficient to use the interface in weightlessness.
Low impact of microgravity, high success rates, and an easy
handling of the system, indicates a high potential of an EMG-
based interface for teleoperation in space.

Index Terms—Human Machine Interfaces, Electromyography,
Space Application, Teleoperation, Robotcontrol, Weightlessness

I. INTRODUCTION

The interaction with remote controlled systems, in particular
with robots, will become a core element of future space
missions. Manned Space Explorations to the Moon and further
to Mars are one of the main goals described in the Global
Exploration Roadmap of the International Space Exploration
Coordination Group (ISECG) [1]. The "Human-Robotic Part-
nership” is one of the mentioned principles to guide these
developments, as the cooperation of human and robot can help
to achieve the goals effectively, cost-efficiently, and safely for
the astronauts.

The applications for such teleoperated robotic systems are
manifold during space missions. They range from intravehic-
ular activities (IVA) and extravehicular activities (EVA) to
tasks in deep space or on planetary surface environments [2].
Different requirements of the remote task like location (EVA
or IVA), complexity, or the level of precision demand various
and appropriate input devices for astronauts.
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Fig. 1. Overview of the interface based on electromyography (EMG).
Wireless, wearable sensors measure the muscular activity. A directional
command is decoded with the help of Gaussian Process Regression. A possible
application is the teleoperation of remote controlled systems like a robot.
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In general, terrestrial applications for teleoperation offer a
huge variety of input devices to cover different demands of the
remote task. These range from 2D and 3D input devices, like
tablets and conventional joysticks, over multi-D-input devices
such as the sigma 7 of force dimension [3] or the DLR HUG
[4]. Interfaces that translate neural information from the brain
into control commands, so called Brain Machine Interfaces
(BMIs), are also studied for providing control over robotic
devices [5]. Some of the aforementioned interfaces are also
considered for space applications. However, additional require-
ments are posed, e.g. on weight and complexity. Furthermore,
it is difficult to evaluate the devices in a real environment due
to limited experimental time in mircogravity or even true space
conditions. Nevertheless, a few approaches for teleoperation
have been already tested in space environment.

For long distance (robotic) applications, as presented in
[6], [7], [8], discrete command strategies and a high level
of abstraction in combination with highly autonomous robot
behavior is required due to the latency in the communication
link. Graphical User Interfaces (GUI) provided on a computer
screen or a tablet are used to trigger tasks or subtasks [9],
[10].

Use cases with lower latency allow for direct control
strategies based on continuous commands. One approach was
investigated in the Kontur-2 mission in 2015-2017 [11], [12].
Here, a 2D force-feedback joystick was used on board the
ISS to provide a cosmonaut with control over a robot on
earth, while receiving haptic feedback of the external forces
acting on the robot. Similarly, but extended to a 6-degree of
freedom (DoF) force feedback device, an astronaut on the
ISS used a sigma7 device to control a rover as well as the
equipped robotic manipulator during the Analog-1 mission of
the European Space Agency [13].
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All the aforementioned interfaces require an external input
device, like a tablet or a joystick. To avoid this additional
device, the use of BMIs for space applications is also discussed
as an alternative [14]. Especially during EVAs the use of
these biosignals can be useful, as the mobility is limited when
wearing a space suit [15] and even may prevent the use of any
external device at all.

Although non-invasive BMIs are seen as potential interfaces
for space applications, no BMI has yet been used in a space
mission. Current devices face inherent limitations like the
amount of information content in the signals [16], or they can
often not fulfill needed characteristics for space applications
regarding their size or usability [15]. Furthermore, according
to [15], BMIs for space applications should preferably be
non-invasive and provide high reliability and efficiency while
offering sufficient comfort to the operator with a low weight
and volume. Additionally, [16] suggests for BMIs to be
wireless and with a small number of sensors, when intended
for space use.

An alternative that fits the aforementioned requirements for
a wearable interface is the use of electromyography (EMG).
The measured biosignals can be used to realize an interface
between the user and a remote controlled device like a robot
arm [17]. In previous work [18], we have realized an interface
based on electromyography, which enables the operator to
generate control signals for teleoperation through a defined
activation of the muscles. Wearable sensors which are placed
on the surface of the skin (SEMG) are used to record muscle
activation, from which a continuous 3-DoF output signal is
generated to teleoperate a robotic device. Applying forces with
the hands against an rigid body in different directions leads
to reproducible variations in the EMG-signal. These biosignals
can be processed with little delay, such that an online approach
is possible. Basically, our interface based on EMG allows to
resemble the functionality of a joystick but without the need of
a stationary device. Up to now this input device has only been
used in the health care sector to give people with severe motor
impairments the possibility to remotely control devices like a
tablet or a robot. In [19] the functionality of the interface could
be demonstrated for people suffering from advanced muscular
atrophy. These results suggest that the EMG-based interface
can therefore be used if the user’s muscle activity is altered
or low, as may be the case with long-term stays in space.
In our opinion, this interface meets most of the requirements
highlighted for the use of BMIs in space applications, except
for using a different kind of biosignal.

Sensorimotor performance and its impairment in weight-
lessness plays an important role when using the interface, as
muscle contractions are used specifically for the realization
of the interface. For the investigations of sensorimotor perfor-
mance in weightlessness mainly aiming and tracking tasks are
used, as they give insights about precise or continuous motor
control abilities as response to visually sensed input. This is
relevant to evaluate controlled movements but also to evaluate
the usage of a motor controlled interface, which becomes more
important with the increase of teleoperated systems in space
missions.

From prior research it is known, that motor performance is

affected by weightlessness [20]. Previous studies, like [21] or
[22], investigated free arm movements in a tracking or aiming
task and the resulting effects in weightlessness. The affected
sensorimotor performance is often explained by distorted pro-
prioception [23] or by additional cognitive load (during dual
tasks) [22]. Altered control strategies, which are necessary to
compensate for evoked counter forces, are also reported to
cause slower limb motion [24], [25]. Furthermore, it has been
proven that not only the body movement but also the force
production is influenced by changed gravity conditions [26].

The effect on performance when controlling a joystick in
weightlessness has also been investigated. Decreasing perfor-
mance measures were recorded in different studies [27], [28].
In [28] the authors state that degraded proprioceptive feedback
is one of the reasons for exaggerated force produced in a
study simulating weightlessness by water immersion. Given
that weightlessness can have a negative effect on motor per-
formance, the question arises whether this influence affects the
usage of an EMG-based interface in microgravity compared
to usage on ground.

Studies on affected motor performance in weightlessness
also investigate directional influences. While [29] could not
find any directional differences in free arm movements, [30]
found directional errors in the gravity axis (z-axis) in an aim-
ing task. During joystick applications asymmetric influences
of weightlessness on horizontal and vertical directions were
recorded in [31], as well as in [32]. Following these findings,
the second question arises whether the absence of gravity leads
to directional influences on the EMG-based interface.

As the usage of the interface is based on applying forces
with the hands against a rigid object like a handle, the
body-pose stability and thus the motor performance could
be affected when using the interface in microgravity without
any further fixation of the body. In this case, the muscles of
the arm are required to control the interface as well as to
stabilize the body at the same time. It was found that trunk
fixations are efficient to maintain performance during arm
movements in weightlessness [22]. A missing fixation of the
feet in microgravity can further influence the reference point of
the body which is used for stabilization of the center of mass
[33]. Therefore, a third research question arises how much
user fixation is needed in order to operate via the interface.

The main contribution of this work is to investigate the
aforementioned research questions: An exploratory user study
should show whether negative influences of microgravity on
operator performance using the EMG-based interface occur
in general, to what extent they are direction-specific and
whether a fixation of the operator has an influence. An aiming
as well as a tracking task, as shown in [34] and [12], are
performed from skilled operators in a parabolic flight study.
Three different levels of fixation —fixed feet to the ground
using foot straps, semi-free by using a foot rail, and free-
floating feet— were examined to investigate the question of
the needed operator fixation.
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Fig. 2. Schematic overview of the signal processing pipeline; Subject: showing the electrode placement on the skin of the operator’s arm; Data Acquisition:
process of converting the SEMG-signals to digital signals; Feature Processing: using a sliding window of 150 samples to calculate the four time-domain
features; Gaussian Process Regression: training procedure to get an GP-based decoder using three labeled training sets; Cursor Kinematics: the application to

be controlled.

II. METHODS
A. The sSEMG-based Interface

The used human machine interface is based on muscle
contractions of the user, measured via SEMG and processed to
create a command signal for a remote controlled system like
a robot. The biosignals are mapped to a directional, velocity-
based 2D (or 3D) control input. The schematic overview of
the interface is given in Fig 1.

During this experiment, subjects were instructed to hold
on to two handles in front of them and to apply forces and
torques to be associated with the different directions of a
2D application (up, down, left and right). Having fixed han-
dles allowed for a reproducible isometric muscle contraction
without functional movement of the limbs. To realize the
interface based on these isometric muscle activation, subjects
were asked to produce forces and torques for the individual
directions in a way they find intuitive and comfortable. This
results in an interface, that is meant to be intuitive to use, as the
subject is not required to learn specific muscle activation, but
can freely decide how to map forces and torques to directional
motion commands.

In this study eight wireless Delsys Trigno EMG-sensors
were used to gather electromyographic data. The electrodes
were distributed over the forearm and upper arm to cover the
various muscle sites involved in force and torque production
of the users’ hand and arm. To record hand and wrist activity,
electrodes were placed close to the muscles M. flexor digito-
rum superficialis, M. flexor carpi radialis, M. extensor carpi
radialis, and M. extensor digitorum, respectively. Two sensors
were attached to the upper arm, i.e. the M. biceps brachii and
to the M. triceps brachii, and two to the M. deltoid (anterior
and posterior). The sensor placement is shown in Fig. 2.

Raw biosignals from the arm were recorded, amplified and
wirelessly transferred to the Delsys Trigno Base Station. This
receiver provided a +5V analogue output signal, which was
digitized on a AD-converter of the company Beckhoff (1KHz,
12 bit) and transmitted to a real time computer via EtherCAT.

From the raw signals, a total of four different time-
domain features were calculated: Waveform-Length, Slope-
Sign-Change, Zero-Crossing-Rate, and sSEMG-amplitude. This
set of features encodes important information for pattern
recognition and was initially proposed by [35] to classify

myoelectric patterns for the control of a multifunction prosthe-
sis. The features were calculated on each of the eight EMG-
channels using a sliding window of 150 samples. Finally, the
mapping from the EMG-signals to the directional velocity
commands was done using Gaussian Process Regression (see
[18] for implementation details).

After applying the electrodes, initialization of the interface
was necessary for each user. Therefore, the user had to
complete a supervised calibration phase before starting. At
first, the user was asked to hold on to the handles in a
comfortable position without any additional muscular activity.
For one, the sSEMG-signal recorded in this resting state was
used in order to determine and remove the signal’s DC-offset.
Additionally, a threshold-based parameter was calculated to
distinguish the rest-signals from voluntarily activated muscle
signals (activity detection). To obtain a baseline including
variations, the resting data was recorded for five seconds.

Afterwards, training data from the user had to be recorded
and labeled to generate the predictive model based on Gaussian
Processes. Therefore, the subject was asked to produce forces
and torques to be associated with motion along the cardinal
axes (£x and +y) in a predefined sequence. Subjects were
instructed to produce muscular activity until at least 2000 sam-
ples (2 seconds) of activity, based on the output of the activity
detection, were recorded. After each direction, the subject was
required to relax for 1second to improve separability of the
labels within the training data. The whole procedure of one
training cycle took between 14 and 18 seconds. In order to
create variability in the EMG signals, four of these training
cycles were recorded out of which the last three were used
to train the Gaussian Processes. From each dataset and each
direction, the first 2000 samples of directional activity and
1000 consecutive samples of rest were added to the training
dataset (see Fig.2).

With this training data, two independent Gaussian Processes
were used, one for the +x direction (left and right) and one
to the +y direction (up and down). Having individual models
also allowed the user to create a combination of the direc-
tions, resulting in diagonal motion commands. Additionally,
to allow the subject to stop moving and hold the position
of the controlled device, motion commands of the Gaussian
Processes are only applied if the activity detection is positive,
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whereas motion commands are set to zero otherwise. Once
the predictive Gaussian models were calculated, which took
about 1 minute on the computers used in this experiment, the
mapping from the EMG-input to the control output could be
executed online. The hardware and software structure had a
maximum delay smaller than 100 ms, with a command rate of
100 Hz, which allowed an online application without notable
lag. Fig.2 gives an overview of the signal processing pipeline.

B. Subjects

Six right handed subjects (three men and three women) in
the age between 25 and 37 and a body height between 1,57 m
and 1,83 m took part in the experiments. None of them had
known neurological diseases or other physical impairments.
Two of them had no parabolic flight experience before. The
other four had less than three previous flights, none of them
being part of a comparable experiment. All subjects were
checked for airworthiness by an aviation physician prior
to signing up for the campaign. The health status of each
volunteer was checked again by a physician at the first day
of the flight-week. In the morning of each flight, the subjects
were injected with a standard dose of Scopolamine (0.5 mg for
female and 0.7 mg for male subjects) against motion sickness.
Some subjects reported a slight dizziness for about 30 minutes
after the injection, which disappeared before the experiments
started. There were no reported abnormalities regarding dizzi-
ness or nausea during the flights. Ethical approval of the
experimental procedure was given by the Comité de Protection
des Personnes Sud-Ouest et Outre-mer III (ID RCB number:
2019-A00020-57). All subjects gave written consent to the
procedure, which was explained to them orally and in written
form.

C. Experimental Tasks and Conditions

In this study the EMG-based interface enabled the contin-
uous velocity-based control of a cursor in 2D on a screen.
Here, two different tasks were performed by the subjects: an
aiming task and a tracking task. These types of tasks are often
used for sensorimotor investigations, as they allow for analysis
of directional gross and fine motion and quality of control at
constant velocity.

A 14inch display with a resolution of 1920x 1080 px was
used in front of the subjects to visualize the tasks as shown in
Fig. 3. Crosshairs in x-y directions were visualized with thin
black lines. The cursor which was controlled by the subjects
was depicted as a filled circle. During the Aiming Task (AT), a
target was shown as a non-filled circle in green located in one
of the four directions along the coordinate axis (cf. Fig. 3-AT).
The starting point was always set to the center of the screen,
and the subjects had to stay in rest (without movement of the
cursor) for 2 seconds before a trial was started. The target
to reach was located 400 px up, down, left or right of the
starting point. Subjects were instructed to reach the respective
target and stay within the target area for 500 ms to finish the
task successfully. They were asked to complete the task as
fast as possible, since the duration of the tasks was used for
the analysis. After a target was reached, the next trial started

AT -

1
et

Fig. 3. Task description of the Aiming Task (left) and the Tracking Task
(right). The yellow dot displays the cursor controlled by the subjects. The
grey dot displays the starting point in the middle of the coordinate axis. The
green circle shows the respective target. Whereas during AT one target was
displayed along the cardinal axis which had to be reached as fast as possible,
the target moved with constant velocity in horizontal or vertical direction
during the TT.

and the target was displayed at a new randomly ordered target
located in another direction along the cardinal axis. One test
sequence included all four possible directions of the target.
Each sequence was performed five times, resulting in a total
of 20 trials per subject. The implementation of the AT is based
on the experiments conducted by [34].

During the Tracking Task (TT) the target-circle moved
either along the horizontal or the vertical axis, while the
subjects should stay inside the target as precisely as possible.
The cursor as well as the target-circle was initially placed at
the same location in the center of the screen. The movement
started always either towards the right or upwards until the
target reached the outward limit, followed by a motion to the
opposite side and finally back to the center (cf. Fig.3-TT).
In total the distance which was covered by the target was
1600 px within a duration of 16 seconds either in vertical or
horizontal direction. The upcoming direction was visualized to
the subjects before the task started. One test sequence of TT
included the movement of the target in vertical and horizontal
direction, which was repeated five times. The implementation
of the TT is based on the experiments executed in [12].

To obtain comprehensive results about the influence of
microgravity on operator performance in dependency of the
fixation, three different test conditions were examined. The
conditions refer to different fixation levels of the subjects’ feet
during microgravity (shown in Fig.4). These conditions are:

o fixed, where the feet of the subjects were fixed to the
ground using adjustable foot straps; the subjects could
stabilize their body through their fixated feet as well as
through the hands, which they held on to the handles

o semi-free, in which a foot rail replaced the foot straps;
the feet were partially free so that small movements of
the feet in all directions were possible; stabilization by
hands was still given

o free, the feet of the subjects were not fixed at all; only
stabilization through the hands was possible

Since all subjects had little to no experience with parabolic
flights, the order of the conditions had to be the same for
all subjects: 1) fixed, 2) semi-free, 3) free. Counterbalancing
was not possible as the order was mandatory due to safety
requirements of the parabolic flight.
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Fig. 4. Inflight setup with different fixations; The main rack included all
equipment needed. The structure was mirrored so that two subjects could
perform their tasks simultaneously; A: fixed condition including foot straps
and a seating; B: subject in position during a semi-free session; the setup
included a bar on the ground. The bar was removed for the free condition.

D. Experimental Setup

The setup, which is shown in Fig.4, was built in an
experimental rack, in compliance with the required aircraft
safety regulations. In order to test two subjects simultaneously
during each flight, the setup included two test stations, one on
each side of the rack. Each test station included two vertically
mounted handles, which were placed at the rack such that the
subjects could hold on to them with angled elbows. The height
and distance between the handles were adjusted individually
to each subject’s comfort. The display to visualize the tasks
for the subjects was mounted on top of the rack. As described
in II-A, eight EMG-electrodes were attached to the subject’s
dominant arm (here, always the right arm), as shown in Fig. 2.

Each of the three different conditions, which were intro-
duced in II-C, required individual adaptations to the experi-
mental setup. In the first condition adjustable foot straps were
installed, as depicted in Fig. 4-A. Within the second condition
a foot rail replaced the foot straps (Fig.4-B). This rail was
modeled after the example of the rails that are mounted in the
ISS [36]. A distance of nearly 4cm between the ground and
the foot rail enabled the semi-free test series. In the free test
series, no fixation for the feet was present at all.

For safety reasons, a seating post was installed behind the
subjects during the first flight which allowed the subjects to
rest between the trials and especially during hyper-G phases.
However, this seating post was removed during semi-free and
free, but here, an additional harness attached to the subjects’
waist should prevent uncontrolled floating.

E. Experimental Procedure

The experiments took part in the 33rd and 34th DLR
parabolic flight campaign at NOVESPACE, in Bordeaux,
France. The two flight campaigns were separated in time by
six months. The flights were conducted in an A310 at the
Mérignac International Airport in Bordeaux. All experiments
of condition one, which include the fixation of the feet to the
ground, were conducted in the 33rd DLR campaign by all
six subjects. The experiments of semi and fully free feet took
part in the 34th DLR campaign and were conducted by four
subjects. All tests, including pre- and posttests were performed
either in the plane (on ground) or at an identically constructed
setup in the premises of NOVESPACE.

As the number of trials per subject is limited, due to
the parabolic flight procedure, all subjects were trained and
instructed in detail prior to the flights. This training procedure
included a one-hour training once a week for a period of six
weeks before the first campaign and a one-hour refreshing
training for four weeks prior to the second parabolic flight
campaign. In addition to the knowledge about the test proce-
dure, the pre-training should ensure that all subjects have the
same amount of training regarding the EMG-based interface,
especially as all of them had prior knowledge at EMG-based
interfaces but on different levels. During each training session,
the subjects had to perform the AT and the TT, including
two calibration phases and two phases of free-practice, where
the subjects were asked to try out the different directional
commands for 3 minutes.

To compare the performance between microgravity and the
terrestrial conditions of 1G, pre- and posttests were conducted
one day before, and one day after the flight, respectively.
In order to take training or fatigue effects into account, the
same duration and trial-rhythm as in the inflight experiments
have been implemented in the pre- and posttests. The specific
placement of the electrodes was marked with medical grade
permanent marker during the pretests to guarantee the identical
electrode placement for the entire test series.

Each parabolic flight took about 3.5h and contained 31
parabolas. The flight sequence followed the typical flight
scheme hereafter: each parabola started and ended with a
hypergravity phase of 1.8 g for about 24 seconds, and 22
seconds, respectively. In between the microgravity phase took
place, which lasted 22 seconds. The pause between individual
parabolas was about 1 minute 45 seconds, during which the
subjects could rest. Longer breaks of 5 and 8 minutes were
made after a block of 5 parabolas. Subjects only performed
their tasks during microgravity. No measurements were con-
ducted in regular-G and hyper-G phases. The first parabola,
named f0, was used for familiarization of the subjects to
microgravity without any test procedure being performed. In
parabola £1 the rest signal of the right arm was measured as
a basis of muscular activity in microgravity. In parabola £2-5
the subjects repeated four times the training procedure (once
per parabola) of producing muscular activity associated with
motion along the cardinal axis (+x and +y). As the calibration
phase of the system could be realized in a short time, it was
possible to calibrate the system also during conditions of 0G,
within a total of five parabolas. The test trials were conducted
from parabola §6. Due to the limited time in weightlessness
(22 seconds), the duration of the experimental tasks had to
be adjusted. During the AT, the maximum time to reach a
target was limited to 8 seconds. The trial duration of the TT
was adjusted to 16 seconds, in order to perform one trial
within one parabola. All tasks started automatically after the
onset of weightlessness. An acceleration sensor mounted on
the setup monitored gravity at all times. Once microgravity
set in (0G=£0.3), the task was started; this way, the limited
time of weightlessness could be used optimally. An additional
process checked (during the AT) at any time if a further trial
with a maximum of 8 seconds would fit completely within the
ongoing parabola. Only if this condition was fulfilled the next
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Fig. 5. Inflight procedure: the first parabola was used to record the muscular
activity in the resting state; in parabola §2-5 initialization and data labeling
took place; within the first break the model was trained; during the second
campaign a second calibration phase was conducted for experiments with
free-floating feet. All other parabolas were used to perform the tasks.

trial was started.

The calibration and the prediction models were acquired
individually for each experimental condition. During fixed,
subjects performed the AT, followed by the TT. As the semi-
free and free condition was tested within one flight, only the
AT could be conducted. The subjects always started with the
semi-free condition, followed by the free experiment. Each
test (AT and TT) consists of one test trial at the beginning,
followed by five full repetitions of the actual test. The whole
procedure is illustrated in Fig. 5.

FE. Performance Measurement and Data Analysis

From the collected data, four main performance measures

were derived regarding the AT. These include the success rate,
the reaction time, gross motion time, and fine motion time. The
reaction time is defined as the time until the cursor was moved
by at least 20 pixels. The gross motion time describes the time
from the start of a trial until the cursor touches the target for
the first time. The fine motion corresponds to the time after
this first contact until the cursor is positioned correctly in the
target zone and remains inside for 500 ms. After finishing the
fine motion, the trial was completed successfully. If a trial
could not be completed within 8 seconds, the trial counted
as failure. Not touching the target-circle at all was counted
as gross motion failure. In total 120 trials per session were
performed over all subjects during the tests of fixed feet and
80 during the other conditions (due to four instead of six
subjects). To evaluate the TT, the average distance from the
cursor to the target was calculated per trial.
Several statistical analyzes were conducted using a two-way
repeated measures ANOVA. AT: The factors Gravity (pretest,
inflight test, and posttest) and Direction (up, down, left, right)
were used to analyze the performance measures gross motion,
fine motion and reaction time for all three levels of fixations
(nine tests). Further analyses have been performed on the
results of the inflight tests with the factors Fixation (fixed,
semi-free, and free) and Direction (three tests). TT: The factors
Gravity (pretest, inflight test, and posttest) and Direction
(horizontal and vertical) were used to analyze the average
distance of the semi-free test series (one test).

In case of non-sphericity, Greenhouse-Geisser correction
was conducted. For post hoc analysis a paired t-test with
Bonferroni corrections was made. Failed trials, when not
reaching the target within the time limit of 8 seconds, are not
considered in this statistical analysis as no values are available
from those trials.

III. RESULTS

The first condition of fixed was conducted by all six subjects
(S1-S6). The test series involving the semi-free and free
condition were performed by S1-S4. Therefore, the analysis
of the factor Fixation is only based on the four subjects
that completed all conditions. The Appendix contains detailed
results of the performance measures in Table I, results of the
statistical tests in Table II, as well as Fig. 10 which illustrates
results of the AT achieved during all conducted test sessions
within this study in a chronological order.

A. Performance in microgravity vs. ground conditions

1) Fixed: The subjects were able to successfully complete
89 % (107 out of 120) of the Aiming Task during the parabolic
flight. The ground tests show a success rate of about 96 % (230
out of 240). In most of the failed trials fine motion could not
be finished: i.e. ten times during the inflight test and nine times
during the ground tests.

An analysis of the performance measures shows variations
within the inflight test. Fig. 6 (left) illustrates the results for
this test series. It is evident that the fine motion time increases
during the flight. However, a significant main effect could not
be revealed by the ANOVA (F(2,10)=3.68, n.s.). The small
increase of gross motion time showed also no significant effect
between the different gravity conditions. The reaction time
shows a constant performance over the three sessions.

The results of the TT for the pre-, post- and inflight tests are
illustrated in Fig.7. The average distance from the cursor to
the target shows increased mean values as well as a stronger
deviation during the inflight test compared to the ground tests.
The conducted ANOVA on the within factors Gravity and
Direction could not reveal any significant main effects. Also,
the interaction with the factors showed no effect.

Differences in the performance measures can be observed
when considering each subject individually, as shown in Fig. 8.
While the mean distance from cursor to target is clearly
increased in weightlessness for S5, no negative influence can
be observed during the inflight test for subjects S1, S2, S4,
and S6. S3 shows a tendency to slightly better tracking results
during microgravity.

2) semi-free: The mean values of the fine motion time
achieved in microgravity show comparable values to those
generated on ground (cf. Fig. 6 - middle). The gross motion
time shows a slight increase of mean values and deviation only
within the posttest, not within the inflight test. The average
reaction time appears to be stable over the three sessions.
In total 96 % success rate could be reached in all sessions,
independent of gravity. A significant main effect regarding the
within factors Gravity and Direction could not be found by the
repeated measures ANOVA.
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# failed trials

gross motion time

=o= fine motion time == reaction time

time [s]

inflight posttest pretest

fixed

pretest

inflight
semi-free

inflight posttest

free

posttest pretest

Fig. 6. Mean values of gross motion, fine motion, and reaction time of all test series with different fixations, composed of fixed, semi-free, and free. The
numbers next to the graphs show the failed trials, i.e. trials which could not be finished within 8 seconds. The test series of fixed was performed by six

subjects S1-S6; the other two test series were performed by S1-S4.
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Fig. 7. Average distance from the controlled cursor to the target point during
the Tracking Task (TT). The maximum distance covered by the target was
1600 px. The two different task-directions, including vertical and horizontal,
are shown. The subjects S1-S6 during pretest, inflight test, and posttest are
shown. The test was conducted within the condition fixed.
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Fig. 8. Average distance from the controlled cursor to the target point
per subject and test during the Tracking Task. The subjects S1-S6 during
pretest, inflight test, and posttest are shown. The test was conducted within
the condition fixed.

3) free: An effect of the microgravity compared to 1G
could be revealed in the test series with free-floating feet.
The ANOVA showed a significant main effect of the within
factor Gravity in two cases: fine motion time (F (2,6)=5.68,
p <.05) and gross motion time (F(2,6)=6.35, p <.05). The
post hoc test indicated a significant difference between the
pre- and the inflight test regarding the fine motion time. For the
gross motion time the significant difference is given from both
ground tests compared to the inflight test. A minimum of the
completion time was reached within the pretest of free, which
was conducted (equivalent to the inflight test) directly after the

# failed trials == fine motion time gross motion time  =@= reaction time

time [s]

semi-free

Fig. 9. Mean values of gross motion, fine motion, and reaction time of the
three different conditions of the inflight experiment. Included are the subjects
S1-S4, which performed all conditions. The numbers next to the graph show
the failed trials.

pretest of semi-free. Five trials could not be completed within
the flight and one trial in one of the pretests. Additionally, it
has to be mentioned, that 15 of the inflight trials could not
be performed by the subjects due to the limited time available
in microgravity. A significant effect of the reaction time could
not be found. These results are illustrated in Fig. 6 on the right
side.

B. Directional influence

The statistical evaluation showed that the factor Direction
has no significant influence on the performance. The two-
way repeated measures ANOVAs could not identify any effect
either of the factor itself or the interaction with this factor. De-
tails of the analysis can be found in TableII in the Appendix.

C. Performance in different levels of fixation

Comparing the inflight tests with each other, a significant
influence of the different types of fixations can be noticed
within the gross motion time (F(2,6)=7.51, p<.05). The
post hoc test indicated a significant difference between semi-
free and the other two conditions fixed and free. A trend of
a decreased completion time is visible during the semi-free
condition for gross and fine motion time. The reaction time
shows no influence of the different conditions. Fig. 9 compares
the performance measures of all inflight tests of S1-S4.
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IV. DISCUSSION

In this study, the effect of microgravity on task perfor-
mance while using an interface based on electromyography
in parabolic flights was investigated. To obtain comprehensive
results, three different fixations of the feet during the flights
have been applied. Pre- and posttests on the ground have been
conducted in the same time scheme as the inflight tests to
receive comparable results between ground (1G) and inflight
test (0G) performance.

An influence of microgravity on the subjects’ performance
could only be identified to a small extent. The average success
rate of more than 90 % during the inflight tests confirm this
small effect of the changed conditions. The success rates
of the inflight tests in comparison to the ground tests are
partially decreased, while there exists no difference for the
semi-free condition (fixed: 0G: 89 %, 1G: 96 %; semi-free:
0G: 96 %, 1G: 96 %; free: 0G: 92%, 1G: 99%). In the
analysis of reaction, gross and fine motion time, a measurable
effect between 0G und 1G could not be detected within
the test series of fixed and semi-free. Only the test series
with free-floating feet revealed significant differences for the
comparison between 0G and 1G. The effect was revealed in
analyzing gross and fine motion time, which both showed
worse results during the flight tests compared to the ground
tests (cf. Table I).

Both performance measures, gross and fine motion, show
fluctuations during the study, with the fine motion time
showing comparably broader variation (cf. TableI). This is
partly to be expected, as haptic feedback plays a comparably
larger role in fine motion than in gross motion [31]. The
EMG-based interface used in this experiment provides haptic
feedback, however, this is related to the input signals generated
by the user when pushing on the handles. As this input is
nonlinearly mapped to velocity commands, using Gaussian
Process Regression, this haptic feedback does not necessarily
correlate to the cursor’s movement.

The analysis proved that there is no influence to the perfor-
mance of the subjects regarding the direction of the task. When
using an EMG-based interface, isometric muscle activity is
used, a movement is not needed here. How and which muscle
groups encode the different directions is decided individually
by the user. These individual strategies can compensate for
weaker directions and allow for equal directional control.
Experiments with ISS astronauts using a joystick for teleop-
eration report asymmetric influences of the weightlessness on
the different directions [31]. That experiment was performed
similarly by using a second handle and foot rails in order to
guarantee stabilization of the astronaut. The way the muscles
are used during the control of the two interfaces (isometric
forces vs. deflection of the limb) represents an essential
difference of the EMG-based interface and a joystick. We
hypothesize that isometric muscle activation may not be as
sensitive to directional effects as non-isometric movements.

Sensorimotor performance is, as reported in literature ([20],
[21], [23]), affected in weightlessness. In our study, the
performance measures decreased during 0G within the test
series of fixed. This is evident in the aiming task as well as in

the tracking task. However, we could not identify a substantial
effect across all subjects in this study. A previous study showed
further that there exists a negative effect of microgravity on
humans capability to produce defined forces [27]. This would
suggest, that a degradation of performance could also emerge
in our experiment. However, the calibration of the EMG-based
interface was done under the same gravity condition as the
tasks. Therefore, the muscle forces used for the respective
commands originated from the same condition, which may
have compensated for this effect.

The results of semi-free show no difference of performance
during weightlessness. Gross and fine motion time had stable
results in all tests, irrespective of the gravity. We hypothesize
that these differences can be attributed to a learning effect
regarding posture and body awareness under microgravity.
All subjects started with the condition fixed within the first
parabolic flight. The second flight included semi-free as well
as free. This order was identical for all subjects due to
safety reasons. As a result, all subjects had already experience
with using the EMG-based interface in a parabolic flight
environment, as well as with the inflight test procedure when
performing the semi-free test series. Learning and adapting
to effects on the proprioception or occurring counter forces,
may have been achieved to a large part during the first flight,
thereby improving subjects’ performance during semi-free.

Improved performance during the semi-free condition also
suggests, that the change from fully fixed feet to the foot
rail had no strong influence to the body-pose stability of the
subjects. For body stabilization the center of mass plays a
decisive role. The reference point for stabilization of the center
of mass remains also during weightlessness at the feet, as long
as the feet are fixed to the ground [33]. In our experiment,
the foot rail seems to provide sufficient means of support to
maintain the feet as reference, as the constant performance
suggests that no further disturbances to the sensorimotor
system have been evoked under this condition.

The absence of a feet fixation causes a shift from a ground-
based reference point to a head-based reference point [33].
As a result, reorganization of body posture and movement
is necessary. We assume, that these effects partly cause the
decreased performance during free. Additionally, in the free-
floating condition, pushing and pulling on the handles, in order
to evoke the correct EMG-activity, will create forces which
affect the body posture. Furthermore, it is known that move-
ments in weightlessness can lead to counter forces in other
parts of the body, an effect which is typically compensated
by altered control strategies [24], [25]. However, adaptive
processes of sensorimotor organization occur during long-term
space flights [24], which could not be considered in this study.

In our experiment, subjects had to quickly learn how to deal
with these effects, as time in this condition was very limited
(at max. 15 parabolas in free). However, the high success rates
of about 92% show that the subjects still had control over the
operated cursor. The tasks could be processed and completed
in most cases. A long-term investigation in a free-floating
condition would be needed to show, if this performance would
settle to 1G levels once the operator is used to the conditions.

The fact, that the reaction time remains nearly constant,
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suggest that subjects are not influenced by higher cognitive
load during the tasks in weightlessness. The authors in [31]
found that in joystick applications during weightlessness feed-
forward motions are primarily affected by higher cognitive
load, whereas feedback driven movements are influenced
by the evoked proprioceptive disorder. Feedback dependent
motions are described as most parts of the gross as well as
the whole fine motion, whereas the feedforward motion is
described by the reaction time and the initial part of the gross
motion. Our results with affected gross and fine motion and
constant reaction time are in line with the results of [31].

Considering the individual performance of the TT as shown
in Fig. 8, differences can be recognized between the subjects.
From literature it is known, that there exist discrepancies how
people react to weightlessness [23]. As all subjects had no
profound experience in weightlessness the individual influence
of this factor was not predictable. A further test series on the
ISS could give evidence how strong these effects act on a
skilled astronaut.

Conducting the experiment within a parabolic flight cam-
paign posed considerable demands on the interface and the
subjects. However, the efficient calibration routine and in-
tuitive handling of the interface allowed to perform the ex-
periment given these constraints. In addition, the lightweight
design of the interface did not affect the subjects’ mobility
and therefore we assume that no additional side effects result
from the interface itself. This is supported by the fact that
subjects were able to execute at the same performance during
the flight as on the ground. The aforementioned characteristics
of the EMG-based interface are an advantage over other inter-
faces based on biosignals. For example, a mobile application
using systems such as magnetoencephalography (MEG) or
functional magnetic resonance imaging (fMRI) would not be
possible at present due to the size of the system. An online
application as shown in this study, could also pose a problem
to BMIs based on near infrared spectroscopy (NIRS) or
fMRI as the underlying biological process, the haemodynamic
response, has a delay of 2-5 seconds [16]. Other interfaces like
electroencephalography (EEG) still require long and intense
calibration routines, which limits their use in practice [37],
especially with regard to the time constraints of a parabolic
flight. Methods based on eye-tracking may also be suitable
input devices to be considered as mobile interface for space
applications. However, such systems do not allow the user to
observe the environment as the line of sight is directly linked
to task execution. Additionally, control in 3D is still a main
challenge in the field of gaze tracking [38].

Given the aforementioned challenges and the results of our
study, the usage of muscle signals seems to be a promising
option, for uni-modal wearable interfaces based on biosig-
nals. While mobility of the interface is an advantage over
a conventional and typically stationary joystick, precision
will need to be improved in order to use this interface in
an actual space application. An additional limitation of the
EMG-based interface is the already mentioned missing haptic
feedback as well as the need of a rigid object (like handles)
to evoke the needed muscle activation. In robotic applications,
missing feedback and precision may be compensated by means

of shared- or supervised-control strategies. Additionally, the
EMG-based interface could potentially be adapted to a hands-
free approach which could be useful for the usage in space
suits during EVAs.

V. CONCLUSION

This study indicates that weightlessness affects the usage of
an interface based on electromyography only to a small extent.
The subjects which had very little experience with being
in weightlessness, could handle the changed conditions such
that the generated muscle signals are stable and reproducible
enough to use the interface during weightlessness. Directional
influences on operator performance were not detected in this
study. A measurable effect of microgravity is not evident in
two of the three test series. Both kinds of fixation of the
feet allowed the subjects to perform the tasks in 0G without
significant difference to 1G conditions. Significant degradation
of performance is only noticeable in experiments with free
floating feet, still, a high success rate is to be observed.

We assume that foot straps or a foot rail provide a similar
degree of posture awareness and stabilization, as the results
improved during the second inflight test series when using the
foot rail. Hence a full fixation of the feet is not needed for
a successful control of the interface. Rails as those already
installed inside the ISS, would allow the usage of the EMG-
based interface with similar performance as on the ground.
A mobile application in the space station should be feasible
as such rails and handles are mounted all over the ISS. As
we assume an adaptation to microgravity, it could be hypoth-
esized, that performance even in free floating condition may
converge to that in 1G state, once users have more experience
in weightlessness. The authors advocate further experiments
with astronauts using the interface in weightlessness to provide
more insights about the performance of a person used to this
condition. A positive outcome would endorse the usage of the
interface during EVAs as well.

This first investigation indicates a high potential for the use
of EMG-based interfaces for teleoperation in space. Matching
the requirements posed in [15], [16] our interface is portable
and small in size, and provides an efficient calibration routine,
which can easily be performed in weightlessness. The system
allows a direct, continuous control in 2D as well as an indirect
control (selection and navigation between tasks on a screen),
which covers a wide range of applications. The extension to a
3D application should be feasible, as this was already in use
in a previous terrestrial application [19].

Existing limitations may be compensated by approaches of
shared and supervised control strategies, when teleoperating
a robotic device. Current developments on EMG-based in-
terfaces, like an individual sensor placement for each user,
could further improve the performance of the interface for later
applications. Experiments with astronauts on the ISS would be
the next step to take this application forward.
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APPENDIX
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Fig. 10. Mean values of the performance measures of all conducted AT-tests of this study including the two preparation phases prior to the main experiments.
The first preparation phase started six weeks prior to the experiments containing a one-hour training each week. The second preparation training contains four
identical sessions and started about six months after the posttest of the condition fixed. The preparation phase 1, the main experiment of fixed, and preparation
phase 2 was conducted by six subjects; The main experiment of semi-free (here called semi) and free (here called free) was conducted by four subjects. The

upper part of the figure shows the failed trials of each session.

TABLE I

RESULTS OF AIMING AND TRACKING TASKS OF ALL FIXATIONS AND OF ALL PERFORMANCE MEASURES INCLUDING GROSS MOTION, FINE MOTION, AND
REACTION TIME AS WELL AS AVERAGE DISTANCE AND COMPLETED TRIALS. CONSIDERED ARE S1-S6 FOR fixed, AND S1-S4 FOR semi-free AND free.

- Pretest Inflight test Posttest
Fixation Measure
mean=sd completed mean+sd completed mean=sd completed

gross motion time [s] 1.1940.41 120/120 1.23+0.45 117/120 1.13+0.36 119/120
Fixed fine motion time [s] 1.59+1.23 119/120 1.95+1.55 107/117 1.49+1.11 111/119
reaction time [s] 0.28+0.17 120/120 0.31+ 0.16 120/120 0.31+0.17 120/120

avg.distance [px] 34.86+7.89 60/60 38.10+15.17 60/60 33.71+7.74 60/60

gross motion time [s] 1.16+0.40 80/80 1.134£0.27 80/80 1.254+0.78 79/80

Semi-Free | fine motion time [s] 1.41+1.24 76/80 1.49+1.23 77/80 1.51£1.40 77179

reaction time [s] 0.2740.14 80/80 0.31+ 0.16 80/80 0.26+0.16 80/80

gross motion time [s] | 0.9940.29 80/80 1.5240.79 65/65 1.16+0.52 80/80

Free fine motion time [s] 1.06+0.77 79/80 1.88+1.46 60/65 1.36+1.022 80/80

reaction time [s] 0.231+0.12 80/80 0.3110.16 65/65 0.27+0.12 80/80

TABLE II

RESULTS OF THE TWO-WAY REPEATED MEASURES ANOVA; FACTORS FOR AT: GRAVITY (PRETEST, INFLIGHT TEST, AND POSTTEST), DIRECTION (UP,
DOWN, LEFT, AND RIGHT), AND FIXATION (FIXED, SEMI-FREE, AND FREE); FACTORS FOR TT: GRAVITY AND DIRECTION (HORIZONTAL AND VERTICAL).

Two-way repeated measures ANOVA

AT: Gravity(G)*Direction(D)

AT: Fixation(Fix)*Direction(D)

TT: Gravity(G)*Direction(D)

Measure Fixed S1-56 Semi-Free S1-S4 | Free Semi-Free S1-94 S1-S4 S1.S6
‘ G: F(2,10)=2.88 G F(2,60=0.77 | G: F(2,6)=6.35, p<.05 Fix: F(2,6)=7.51, p<.05
gr‘i‘.“ motion |y £(3.15)=0.22 D: F(3,9)=0.70 D: F(3,9)=0.81 D: F(3,9)=0.65 )
ime [s] G*D: F(6,30)=0.51 | G*D: F(6,18)=0.89 | G*D: F(6,18)=0.62 Fix*D: F(6,18)=0.81
i moion | G F2.10)=3.68 G F2.6=0.11 | G: F(2,6)=5.68, p<.05 Fix: F(2,6)=0.91
time [s] D: F(3,15)=2.97 D: F(3,9)=0.91 D: F(3,9)=0.10 D: F(3,9)=0.07 .
G*D: F(6,30)=0.44 | G*D: F(6,18)=0.82 | G*D: F(6,18)=0.38 Fix*D: F(6,18)=0.21
eaction G: E2,10)=1.00 G- F2.6)=1.06 G F2.6)=136 Fix: F(2,6)=0.41
dme [ D: F(3,15)=0.33 D: F(3,9)=2.62 D: F(3,9)=0.01 D: F(3,9)=1.02 .
G*D: F(6,30)=0.65 | G*D: F(6,18)=0.71 |  G*D: F(6,18)=3.95 Fix*D: F(6,18)=1.35
G: F(2,10)=0.75
average

distance [px]

D: F(1,5)=0.04
G*D: F(2,10)=0.18
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