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Abstract

The dream of controlling and guiding computer-based systems using human brain signals has slowly but steadily become a
reality. The available technology allows real-time implementation of systems that measure neuronal activity, convert their signals,
and translate their output for the purpose of controlling mechanical and electronic systems. This paper describes the state of
the art of non-invasive brain–machine interfaces (BMIs) and critically investigates both the current technological limits and the
future potential that BMIs have for space applications. We present an assessment of the advantages that BMIs can provide and
justify the preferred candidate concepts for space applications together with a vision of future directions for their implementation.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Brains are characterised by every property that engi-
neers and computer scientists detest and avoid. They are
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incredibly complex, and their processes at every level
are chaotic, unstable, non-linear, non-stationary, non-
Gaussian, asynchronous, noisy and unpredictable. Yet
brains, and human brains in particular, are undeniably
among the most successful “devices” that evolution has
produced.

There is a growing interest in the use of brain signals
for communication and operation of devices, in partic-
ular for physically disabled people. Brain states can be
detected and translated into actions such as selecting a
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letter from a virtual keyboard, playing a video game,
or moving a robot arm. Such devices, which do not re-
quire the user to perform any physical action other than
thinking, are called brain–computer interfaces (BCI) or
brain–machine interfaces (BMI).

While communication between humans has been
extensively developed and studied, communication be-
tween people and devices—especially sophisticated
electronic systems—is at a relatively primitive stage.
Only 60 years ago, state of the art computing systems
like ENIAC required punch cards for communication.
Modern means of interfacing with a computer such as
a keyboard and mouse are vastly superior, but remain
unintuitive and unnatural.

For decades scientists have speculated on the possi-
bility of a direct interface between a brain and a ma-
chine. In the 1970s the basic ideas were put forward
and initial experiments based on the analysis of brain
electrical activity generated in response to changes in
gaze direction were successfully carried out. In recent
years a variety of prototypes based on these and other
principles have been developed.

The possibility of controlling external devices using
BMI technology could have a tremendous influence on
strategic plans for future space missions. For this reason,
we have critically investigated existing BMIs in order
to assess the maturity of this technology and estimate
the improvements that it could yield [1–3].

The paper is organised as follows. We first describe
the fundamental principles on which BMIs are based
(Section 1). Section 2 presents the case study of BMIs
based on electroencephalographic signals (EEG), while
Section 3 discusses other possible BMI technologies.
In Section 4 we review applications currently being de-
veloped for BMIs. Sections 5 and 6 investigate how
space activities could benefit from the use of BMIs, and
Section 7 analyses the effect of the harsh space envi-
ronment on possible future use of BMIs. Section 8 crit-
ically discusses the current challenges that researchers
are facing in order to obtain reliable BMIs and Section
9 presents some future prospects for the development
of BMIs.

2. Brain–machine interfaces

BMIs can be defined as any system that can monitor
brain activity and, from it alone, translate a person’s in-
tentions into commands to a device. A BMI transforms
bioelectrical brain signals (and other types of signals
such as optic reflection, etc.), modulated by mental ac-
tivity (e.g. imagination of hand movement) into control
signals.

There are a variety of methods that have been em-
ployed to monitor brain signals. They include, but are
not limited to EEG, magnetoencephalographic sig-
nals (MEG), positron emission tomography (PET),
functional magnetic resonance imaging (fMRI), opti-
cal imaging (near-infrared systems (NIRS)) and im-
planted means for recording electrical activity, e.g.
via electrocorticograms. Among these methods, EEG
seems to have the two properties that could lead to
the implementation of BMIs for future space mission:
non-invasiveness and portability.

However, regardless of the sensor type, there are
a number of elements that are common to all BMIs
(Fig. 1). As a first step, an experimental protocol must
be designed depending on the specific application. This
includes the choice of mental task and stimulus parame-
ters (e.g. visual scenery timing and constraints), as well
as the minimisation of unwanted stimuli and distrac-
tions that may affect the properties of the signals to be
monitored. Once a suitable protocol is designed, sig-
nals can be monitored and acquired with the precise in-
strumentation. The signals are then converted to digital
format and filtered and used for the extraction of infor-
mation relevant to the mental task under investigation.
Before the signals are used, however, some unwanted
artefacts may need to be removed (e.g. large amplitude
oculomotor signals).

Once any unwanted signal components are attenuated
as much as possible, features can be extracted from the
data and fed into a translation algorithm, which can be
as simple as “if–then” rules or a previously determined
linear classifier. However, it is quite often the case that
the complexity of the data requires the use of non-linear
classifiers and machine learning algorithms. The trans-
lation algorithm then yields commands to be used by
various devices (the “control” case) or to lead to ex-
plicit communication of thoughts (the “communication”
case).

The different methods of monitoring brain activ-
ity can be coarsely classified as invasive and non-
invasive. Invasive methods make use of implanted
electrodes (e.g. subdural, epidural or intracortical
electrocorticogram) while non-invasive methods use
electrodes (or other sensors) applied to the skin
surface.

So far, the invasive monitoring has been found to
be the most effective. Outstanding results have been
achieved with implanted devices where primates are
able to guide robotic manipulators by means of their
neural activity with spatial errors in the order of cen-
timetres [4]. Recently, a human being has used an inva-
sive BMI as well [5].
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Fig. 1. Main elements of a general BMI.

The non-invasive monitoring is, to date, less efficient.
However, this could have a more direct impact for soci-
ety and space applications because of its reduced risk,
more favourable public perception, easy donning and
doffing, and shorter time frame for qualification in hu-
man beings.

3. Non-invasive BMI: the case of EEG

The most commonly studied potential interface for
humans has been EEG, mainly due to its fine tempo-
ral resolution, ease of use, portability, and cost of set-
up. However, practical use of EEG as a BMI requires
considerable user training and is highly susceptible to
noise.

Recent studies have shown that imagining the exe-
cution of a particular sensory-motor task gives rise to
almost the same pattern of neuronal activity in the
central nervous system as actual performance of the
sensory-motor task [6]. The current state of the art
permits the correct decoding of EEG signals to a very
large extent. The main problem in these approaches is
that single trial EEG data is very noisy.

3.1. Signals

EEG measures the electrical activity by detecting the
electrical potential difference between a point on the
scalp and ground. The tissues between the electrode and

the monitored cells, and the distance between the neu-
rons and the electrodes, cause the signal to be attenu-
ated by many orders of magnitude. Thus, the activity
of a few neural cells cannot be detected through EEG.
Instead, EEG is a result of joint activity of thousands
of underlying neurons activated together.

For certain stimuli, such as flashed images and lights,
the EEG exhibits a strong characteristic signal, the so-
called evoked potential, which reflects the immediate
automatic responses of the brain to those external stim-
uli. While evoked potentials are easy to pick up with
electrodes and have been used in the context of BMIs,
the necessity of external stimulation restricts their
applicability. A more natural and suitable alternative is
to analyse components associated with either of two
kinds of spontaneous “intentional” mental activity: slow
potential shifts or variations of rhythmic activity.

3.2. Training

Some subjects can learn to control their brain activ-
ity through appropriate—but lengthy—training in order
to generate fixed EEG patterns that the BMI transforms
into external actions. An alternative is to use machine-
learning approaches to train the classifier embedded in
the BMI. Most of these approaches are based on a mu-
tual learning process where the user and the brain inter-
face are coupled together and adapt to each other. This
should accelerate the training time.
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Fig. 2. Portable EEG system used at the IDIAP Research Institute.
It is a commercial BioSemi ActiveTwo system.

Typical tasks intended for subject training include po-
sitioning a cursor, tracking a moving object, or selecting
a target. Once these skills are acquired, the subject can
progress to applications that perform real-world tasks
such as communication, controlling the environment, or
moving robotic limbs.

3.3. Synchronous vs. asynchronous

EEG-based BMIs are limited by a low channel
capacity, with most of the current systems having a
channel capacity below 0.5 bits/s [7]. One of the main
reasons for such a low bandwidth is that they are
based on synchronous protocols. These facilitate EEG
analysis since the starting time of mental states are
precisely known. However, EEG-based BMIs are slow
and normally recognise only up to four mental states
independently of the number of electrodes used to
acquire the measurement.

Other BMIs use more flexible asynchronous proto-
cols where the subject can voluntarily change the men-
tal tasks being executed at any moment without waiting
for external cues [8]. The time of response of an asyn-
chronous BMI can be below 1s, although their accuracy
is lower than for synchronous BMIs at the moment.

3.4. Hardware

EEG signals are acquired with a portable acquisition
system such as the one shown in Fig. 2. Subjects wear
a commercial EEG cap with integrated scalp electrodes
that cover the whole scalp and are located according
to the 10/20 international system or extensions of this
system to allow recordings frommore than 20 electrodes
(i.e. the 10/10 system).

Bipolar or unipolar electrodes can be used in the EEG
measurement. In the first method the potential differ-
ence between a pair of electrodes is measured, while
in the latter the potential of each electrode is compared
either to a neutral electrode (placed, e.g. somewhere on
the body) or to the average of all electrodes.

EEG electrodes may bring many practical problems,
like sensitivity to electromagnetic radiation, difficulty
to place and position, varying conductance, usually a
limited number of channels, and discomfort when used
for a longer time.

New trends in the design of EEG measurement
systems include miniaturisation, battery-powered front-
ends close to patient, fibre optic data transfer to the PC
in charge of signal processing, and use of active elec-
trodes. These have the property that the first amplifier
stage is integrated within the electrode.

4. Other non-invasive BMIs

Present EEG-based BMIs are characterised by lim-
ited spatial resolution since the activity of individual
neurons cannot be detected. Localised measurements,
obtained using alternative brain measurement systems,
could greatly improve performance of non-invasive
BMIs. Alternative solutions for mid-term applications
are PET, fMRI, NIRS, and MEG.

4.1. PET

PET is based on injecting the subject a contrast
medium (radionuclides of short half-life) to image a
task-specific metabolic activity, i.e. cerebral blood flow
and related oxidative metabolism. A scanner and a cy-
clotron to generate the radionuclides are needed. It is
in the eye of the individual beholder, whether this tech-
nique can be classified as non-invasive or not. No real
surgical brain invasion is done, but substances are tem-
porarily injected into the patient. The main drawbacks
of this technology for future space applications are the
mass and size of the cyclotron and the considerable
power consumption of the system. More importantly,
PET requires administering radioactive substances to
the user.

4.2. fMRI

Amore suitable alternative might probably be offered
by fMRI, which does not require any kind of physi-
cal invasiveness. A reasonably high spatial resolution is
achieved by measuring activity-related, local haemody-
namic changes (blood oxygenation level and volume)

Please cite this article as: C. Menon, et al., Prospects of brain–machine interfaces for space system control, Acta Astronautica (2008), doi:
10.1016/j.actaastro.2008.09.008

http://dx.doi.org/10.1016/j.actaastro.2008.09.008


ARTICLE IN PRESS
C. Menon et al. / Acta Astronautica ( ) – 5

and applying a magnetic field to the subject’s skull. Due
to their different magnetic properties, the changing lev-
els of haemoglobin oxygenation generate variations in
image intensity. The bulkiness of the equipment is a
limiting factor for real applications, but there is ongoing
work on portable systems.

4.3. NIRS

Both PET and fMRI provide metabolic feedback as
indirect responses of neuronal activity. In contrast NIRS
penetrate very deeply into the cerebral tissue, provid-
ing both a haemodynamic and a neural response related
to activity. The first one is relatively easy to acquire,
whereas the second response is very noisy. NIRS hard-
ware is lightweight and portable, in principle consisting
of a pair of light emitting fibre optics and receivers and a
small unit to be strapped closely to the head. Incident ra-
diation results in spectral refraction, diffuse reflectance,
or absorption. As opposed to fMRI, which requires the
subject to keep a defined spatial position, NIRS allows
the subject a good mobility as the sensor-detector unit
can be easily fixed on the skull.

4.4. MEG

MEG is based on the measurement and the analysis
of magnetic fields generated outside the scalp by brain
activity, derived either from excitatory or inhibitory
post-synaptic potentials. Although there is no distor-
tion by tissue inhomogenities between the emitters and
sensors, the detection of the weak magnetic signals is
extremely challenging. Ultra-sensitive magnetic field
detectors and precise noise cancellation techniques are
required to limit the effects of strong background noise.
The main advantage over EEG is that brain signals of
better quality can be more locally detected. This might
improve the learning process of the user. However,
from an applicative point of view, modern MEG sys-
tems are stationary, require adequate shielding, and do
not allow mobile use for astronauts.

5. Current applications

BMI systems are being developed to operate a num-
ber of brain-actuated applications that augment people’s
communication capabilities, provide new forms of en-
tertainment, and also enable the operation of physical
devices. There exist, for example, virtual keyboards for
selecting letters from a computer screen and write a
message. Of these systems, the evoked BCI [9] has the
highest performance, but as mentioned before, the need

for external stimulation makes it less natural to use. Us-
ing the alternative spontaneous BCI systems, subjects
can write a letter in times ranging from 22s to 2min
[10,11].

Several “brain games” have been developed by
Millán’s team in Switzerland, Pfurtscheller’s team in
Austria and Müller’s team in Germany. In the first case,
the “brain game” is the classical Pacman [10]. In or-
der to control Pacman, two mental tasks are sufficient.
These are used to make Pacman turn left or right, a
change in direction of movement whenever one of the
mental tasks is recognised twice in a row.

The main application for which BMIs are currently
under research is to assist disabled people, for example,
to restore functionality in patients who lost the ability
to move their limbs (tetraplegia).

6. BMIs for space applications

The space environment is inherently hostile and dan-
gerous for astronauts. For this reason, extra-vehicular
activity (EVA) should be limited as much as possible
and robotic systems should be used instead. It would be
desirable to optimise the interface between astronauts
and external semi-automatic manipulators. In the event
of an EVA, BMIs can also prove useful for environ-
mental or external control since astronauts have limited
mobility for operation inside their space suits.

The theoretical advantages of using BMIs are numer-
ous, for example, commands could be sent with mini-
mum output delays and with high accuracy. BMI could
also enable new operations leading to a new approach
to mission and spacecraft design. Multi-teleoperations
could simultaneously be performed using one single
BMI. This would maximise the efficiency of astronaut
activity, which is of primary concern. Alternatively, one
could envisage more than one astronaut simultaneously
commanding a machine during intra- or extra-vehicular
activity. Robotic aids could also be useful to astronauts
weakened after many months in micro-gravity.

We believe that BMIs would be of particular interest
for space applications when conceived as an augmenting
interface, i.e. allowing astronauts to perform actions in
addition to what they already can do with their normal
abilities.

Recent studies [8] suggest that there is the need to
incorporate shared autonomy principles into BCIs in
order to improve their performance. In shared control,
the intelligent controller relieves the human from low
level tasks without sacrificing the cognitive superiority
and adaptability of human beings, which are necessary
for decision-making and acting in unforeseen situations.
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In other words, in shared control there are two intelligent
agents, the human user and the robot. The user only
conveys his intents to the robot, which then executes
them autonomously [12].

Regarding the possible future introduction of BMI
technologies into spaceflight, we believe that this should
be done to complement existing technologies, not to re-
place them. For example, a first step could be the con-
trol of secondary and non-critical onboard computers.
Only demonstrating the performance of BMIs in non-
critical situation could we envisage their adoption for
more critical operations.

7. Preferred candidate concepts

In order for BMIs to be advantageous systems for
short-term space applications, they need to be charac-
terised by certain fundamental properties:

Non-invasiveness, because of their reduced risk and
short time frame for qualification in space environment.
In addition, there is a more favourable public perception
of non-invasive BMIs than invasive ones.

High reliability, since there is no possibility of repair
once in space.

High efficiency, to justify its benefits over other al-
ternatives.

High sensitivity, as above.
Ease of use by the astronaut, especially taking into

account the difficulty of operating in a micro-gravity
environment.

Sufficient comfort for the astronaut, since functioning
space is tiring and astronauts have to perform demand-
ing tasks.

Electromagnetic compatibility with electronic equip-
ment of the spacecraft cabin, to avoid interferences.

Low weight and volume of the driving and reading
equipment, both for an affordable access to space and
ease of use.

Robustness both in the interface with the body and in
the response of the system under various environmental
and movement conditions.

The need of respecting at least all these characteristics
limits the types of BMI potentially useful. In particular,
it tends to exclude, in principle, fMRI-based interfaces
and MEG-based interfaces, for the following reasons:

• both of these types require bulky and heavy equip-
ment;

• both of these types are definitely not practical for
astronauts, especially in consideration of the ac-
tivities that they have to perform continuously.

On the contrary, EEG-based interfaces seem to rep-
resent the most suitable candidates for short-term ap-
plications.

In addition to BMIs, we believe that the concurrent
use of additional and auxiliary human–machine inter-
faces could bring considerable benefits when advanced
human–machine interfaces will firstly be introduced.
They could in fact increase the speed and efficiency
of some operations despite current BMI drawbacks.
As an example of non-invasive human–machine inter-
faces to be used as auxiliary systems for a BMI, elec-
tromyographic signals detected from arm muscles of an
astronaut may permit the control of a robotic arm. Elec-
trical activity recorded in proximity of muscles could be
elaborated and used as the control input for the robotic
mechanism. Such an action may be performed, in an
early stage, in parallel to those controlled by the brain
interface. Therefore, the two interfaces could work at
the same time to enable easier and efficient implemen-
tations of multiple tasks.

We believe that this combination of BMIs and other
human-machine interfaces could ease the introduction
of BMIs into space. However, in the long term we envis-
age that BMIs will be robust enough to be independent.

8. Environment effects

The space environment poses many hazards to liv-
ing organisms, from extreme temperatures, vacuum,
and radiation to the effects of spaceflight and ex-
tended exposure to microgravity on the human body.
In the following paragraphs, the critical effects of
the environment on a correct operation of BMIs are
discussed.

8.1. Human physiology in space

Human anatomy and physiology are the result of the
evolution through time to adapt to life on Earth. Space
is a completely different environment and the human
body undergoes important modifications when in space,
noticeable even during short journeys [13].

In addition to changes in the cardiovascular system,
muscles, and bone mass, the absence of gravity affects
the way the sensory and balance centres within our
brains perceive the outer environment and the position
and the orientation of the body within it. These changes,
further explained in the next section, make necessary a
validation of BMIs as conceived in the 1g environment
of the Earth.
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8.2. Effects of microgravity on the brain

In the virtual absence of gravity the brain must re-
adapt internal models of the laws of dynamics. Gravity
dictates the laws of motion of our body and limbs, as
well as of the objects in the external world with which
we interact. In the absence of gravity the brain has to re-
adapt these models to the new environment and change
the strategies it uses for spatial orientation.

All these changes in what the brain receives and how
it processes the information can lead to modifications
that can reflect on the functioning of a BMI. The sig-
nals and patterns a BMI is based upon can be disrupted,
reduced, enhanced, or changed by the different envi-
ronment and its consequences. Therefore, a BMI devel-
oped and tested on Earth might stop working in space
or might need a retuning of the parameters of the al-
gorithm to adapt to the psycho-physiological modifica-
tions of the central nervous system.

8.3. Effects of radiation

Weightlessness is not the only factor affecting the
human body in space. The absence of the protection of
the atmosphere exposes astronauts to a steady flux of
cosmic particles. Long permanence in orbit results in a
dose of radiation many times that of the same period
spent on Earth.

Cosmic-ray particles also interact with our visual sys-
tem and give rise to the phenomenon known as a “light
flash”, consisting of unusual visual phenomena caused
by the interaction of energetic cosmic-ray particles im-
pinging on the retina [14]. We cannot a priori exclude
that these phenomena could interfere with the operat-
ing of a BMI. They could in principle act as external
stimuli and trigger the activation of specific areas. For-
tunately, they are quite rare and, so, their impact could
be limited.

9. Challenges for BMIs

To be effective in real-world applications, many chal-
lenges inherent to employing BMI control must be ad-
dressed and overcome. These challenges are common
to both space and rehabilitation applications and can be
generalised in several categories [15] as presented in
the following paragraphs.

9.1. Throughput

Even the best average information transfer rates for
experienced subjects and well-tuned BCI systems are

relatively low, in the vicinity of 24b/min (roughly three
characters per minute) [7]. This is too slow for natural
interactive communication. So, in order to effectively
use BMIs as an alternative to conventional interfaces,
it is necessary to research ways of optimising selection
techniques and incorporating prediction mechanisms to
speed up communication.

9.2. High error rate

A significant complicating factor in the slow infor-
mation transfer rate of BMI users is the high proba-
bility of errors. Brain signals are highly variable, and
this problem is exacerbated in severely disabled users
by fatigue, medications, brain remapping due to disabil-
ity, and some medical conditions. Devising methods of
quickly resolving or preventing errors is critical to suc-
cessful BCI interaction.

A way of preventing the execution of erroneous com-
mands is to detect directly the users’ EEG potentials
generated in response to errors made by the BCI [16].

9.3. Autonomy

Ideally, a communication system for a person with
severe disabilities should be completely controlled by
its user. Unfortunately BMI systems require extensive
assistance from caretakers who need to apply electrodes
or signal-receiving devices before a user can communi-
cate.

Also in the case of space operations, where astro-
nauts are operating in difficult conditions, like in micro-
gravity, the set-up and initiating procedures should be
made easy.

9.4. Cognitive load

Most BMI systems are tested in quiet laboratory en-
vironments, where users are able to concentrate on the
task at hand with minimal distractions. BMI users in
the real world have to deal with much more complex
situations, including the cognitive load of the task be-
ing performed, emotional responses, interactions with
other people, and possibly even safety considerations.
Careful study of the effects of cognitive load on the effi-
cacy of BMI controls is necessary in order to determine
whether BMIs could be used for rather “quiet” in-home
everyday living situations up to challenging living situ-
ations of spaceships or space stations.
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10. Future directions

While brain-actuated robots have been demonstrated
in the laboratory, this technology is not yet ready
to be taken out and used in real-world situations. A
critical issue is how to improve the robustness of
BMIs with the goal of making them more practical
and reliable. Several issues can play a major role to
this end:

• Online adaptation of the interface to the user to keep
the BCI constantly tuned to its owner [17].

• Analysis of neural correlates of high-level cognitive
and affective states (errors, alarms, attention, frustra-
tion, confusion . . . ). Information about these states is
embedded in the EEG together with the mental com-
mands intentionally generated by the user [16].

• Monitoring electrical activity all across the brain with
high spatial accuracy (monitor local neuron activities)
without implanting electrodes but rather by a non-
invasive estimation from scalp signals [18].

• Nature and role of feedback for brain-actuated con-
trol, and in particular the use of multiple modalities
of feedback to accelerate user training and facilitate
accurate control of the robots.

• Improvement of the recording technology that cur-
rently requires the use of gel to improve the con-
ductivity of the electrical signals generated in the
brain.

11. Conclusions

This paper suggests the use of non-invasive BMI
for space applications. In our opinion, the introduction
of novel interfaces capable of reading and interpreting
brain activities to control external artificial systems is
expected to happen in the relatively near future. So far,
this technology has not, however, reached the readiness
level necessary for any realistic implementation. Deep
investigations and further developments are therefore
expected.

Among the main advantages that BMI could bring to
space activities we emphasise the possibility of reduc-
ing the need for EVA, reducing control input delays, al-
lowing multi-task operations, improving interfaces with
artificial intelligent systems during intra-vehicular ac-
tivities, and allowing augmentation of astronaut opera-
tion capabilities.

We believe that BMI based on the measurement of
EEG is the most promising for being introduced in the
space sector in the near term, mainly because of the
portability of the interface. However, we do not exclude

that other technologies, the use of which is now limited
by the size and mass of their signal acquisition equip-
ments (e.g. MEG, NIRS, fMRI), could be used in the
future.
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