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Abstract—Mankind, from the start of the Golden Era of Science has wanted to achieve the 

pinnacle of success when it comes to technology. From achieving the first vaccine to space 

exploration, technology has seen advancements in all fields. Biomedical sciences in particular, 

have seen the biggest gain due to the introduction of technology infused with biological 

concepts. Being an upcoming sub-field of biomedical science, Brain Computer Interfaces have 

picked up pace over the past decade extending itself into different domains. This paper aims to 

provide a holistic take on the combinations of these interfaces which are termed as Hybrid 

Brain Computer Interfaces for vast number of applications.

Review article

Combinations of Hybrid Brain Computer Interfaces Used In Biomedical Applications- A Review
a b bAnish Mitra , Arjun Shilotri  and  Sandesh R S

Introduction

Brain Computer Interfaces or Brain Machine Interfaces, 
referred henceforth in this paper as BCIs or BMIs, are a major 
component of the Biomedical sciences that allow controlling of 
simulated environments or mechanical structures only by signals 
from the human brain. Based on various research publications, 
this paper aims to provide a general understanding on BCI 
systems, hybrid BCI systems  and the fields for which each 
publication has used the respective BCI systems. Before 
proceeding, it is first very important to understand what a core BCI 
system or a BMI system actually is. Unlike normal interface 
systems where output signal is taken from fringe nerves or from 
muscles, the BCI or BMI do not depend on these conventional brain 
output signals. BCI or BMI systems enhance user experience by 
giving them the opportunity or provision to control various 
computer application using only brain signals, otherwise in 
simpler terms, his or her thoughts. It enables the brain to recognize 
and regulate a mechanical device as a part of the human body. BMI 
utilizes brain activity to monitor, control, actuate and interact with 
the environment, with the help of external devices and systems 
integrated with the brain. It allows for brain activity to be 
transmitted or received through electronic interfaces from a 
computer. Implants are used for data entry to acquire signals from 
the brain, without any direct brain intervention. The following 
sections will provide a more in-depth explanation of BCIs, their 
overall working, principle and methodology.

II. BRAIN COMPUTER INTERFACES

A. Classification of BCI

Brain Computer Interfaces can be primarily classified into 
three groups according to the nature of signal acquisition process 
namely, invasive BCIs and semi-invasive BCIs and non-invasive 

BCIs. This section explains the classification of BCIs and the 
method used in each classification. Fig. 1illustrates the 
classification of Brain Computer Interface.

Fig. 1: The types of Brain Computer Interfaces; Courtesy: 
HowStuffWorks

1) Invasive Brain Computer Interfaces: Using neurosurgery, 
invasive BCIs are inserted directly into the gray matter. Invasive 
devices, resting in the gray matter, produce the brain signals of 
highest quality. These are however vulnerable to scar-tissue 
buildup, which results in weakening or losing the signal when the 
human body responds to a foreign object inserted into the brain.

2) Semi Invasive Brain Computer Interfaces:

Electrocorticography (ECOG) tests the brain’s electrical activity 
taken from under the skull in a way similar to non-invasive 
electroencephalography, except the electrodes are inserted 
beneath the dura mater, in a thin plastic patch that is above the 
cortex.

3) Non Invasive Brain Computer Interfaces:

These techniques can primarily be of 3 different types: 
Electroencephalography, Functional Magnetic Resonance
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Imaging, and Magnetoencephalography.

a) Electroencephalography (EEG): EEG is conventionally performed 
by first readying the scalp by applying a conductive paste to reduce 
the resistance to electric potential due to the dead epidermal cells. 
The scalp EEG signals are then recorded by placing the thin plastic 
electrodes on the scalp. Individual wires are typically attached to 
each electrode in most EEG systems. Fig. 2

● Obesity

● Diabetes

● Kidney disease

● Being under 15 years old or over 35 years old

● It being the woman's first pregnancy

● Having had preeclampsia in a previous pregnancy

● Multiple gestations: twins, triplets, or a greater number of 
multiples (These pregnancies have more placental tissue. This 
suggests that the placenta or things it produces may play a role.)

● Certain autoimmune conditions, including antiphospholipid 
antibody syndrome and some autoimmune arthritis conditionsv
African-American or Hispanic ethnicity

● Having a sister, mother, or daughter who had preeclampsia or 
high blood pressure during pregnancy

● Having a male partner whose previous partner had preeclampsia 
(this suggests that the father's genetic material, passed to the fetus 
and its placenta, may play a role)

● Having a male partner with whom you were sexually active for 
only a short length of time prior to becoming pregnant (this may be 
due to a change in the way a woman's immune system reacts to genes 
from the father after repeated exposure to his semen)7,8

illustrates the apparatus for obtaining the EEG signals. EEG signals 
have different potentials components that help in detecting the 
reaction of a subject to a particular stimulus.

 Steady State Visually Evoked Potential (SSVEP):

These are signals that are the subject’s or patient’s natural response 
to stimulus which are visual in nature at a specific frequency.

 P300: The P300 is a wave and a portion of an event related potential 
(ERP) that leads to decision-making phases.

 Motor Imagery: Motor Imagery (MI) is a mechanism where a given 
action is cognitively rehearsed or replicated by the participant.

A combination of two or more of these potentials for an application 
forms a Hybrid BCI System. Hybrid BCI systems can also be a 
combination of these potentials with an external hardware to track 
other biological signals like vision, cell potential, etc. Li et al.[1] has 
illustrated a hybrid BCI system by combining P300 and SSVEP 
potentials to achieve wheelchair control.

b) Functional Magnetic Resonance Imaging (FMRI):

Functional Magnetic Resonance Imaging takes advantages of 
changes hemoglobin’s magnetic characteristics, since it carries 
oxygen. The oxyhemoglobin-deoxyhemoglobin ratio increases due 
to the activation of a portion of the brain which raises the oxygen 
levels.

c) Magnetoencephalography (MEG): MEG senses minute magnetic 
fields that are produced within the brain when individual neurons 
get activated. Within the order of a millimeter, the active zone can be 
identified and the brain wave change can be tracked as it passes 
within the brain from one active zone to another.

Since non invasive techniques result in the electrodes beingat the 
farthest position from the brain, the costs for this setup are usually 
high. However, Kim et al.[2] proposes a cost effect non-invasive 
Hybrid BCI based on EEG and eye movement.

B. Purpose and Principle of BCI

The main aim of a BCI system is to provide a platform for people with 
impaired sensory and motor abilities to use their brain to operate 
artificial devices and regain lost physical capacity through these 
devices. The bio-electrical activity of nerves and muscles is the main 
principle behind BCIs.

The brain consists of millions of neurons. The thoughts and signals 
that power our bodies are the product of the complex dynamics of 
these millions of neurons working together.

When the neuron fires or activates, there is a voltage shift in the cell, 
(in the order of 100mv) that can be analyzed from a number of 
instruments. Fig. 3 gives a graphical representation of the principle 
of a typical BCI system.

Fig. 2: Electrodes placed over the scalp to obtain EEG signals;
Courtesy: pressebox.com

Fig. 3: Working of BCI System; Courtesy: HowStuffWorks
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III. COMPONENTS OF BCI

EEG signals are most widely used form of obtaining signal from the 
brain for BCI systems due to their ease and safe use on the subject or 
the patient. This section discusses the components of a BCI and a 
brief function of each component.

The main components in a typical BCI System include: 

● Implant Device 

● Signal Processing Section 

● Multichannel Acquisition Systems 

● Spike Detection 

● Signal Analysis 

● External Device and Feedback System

A. Implant Devices

The EEG signal is captured by means of electrodes mounted on 
the scalp. Electrodes are tiny, electrically conductive plates. The ionic 
current on the epidermis is transformed to electrical current in the 
wires using these electrodes that behave as an electrical connection 
between the EEG recording instrument and the epidermis. As there 
is a potential created due to the introduction of foreign signals into 
brain, the implants must be monitored carefully and closely. Fig. 4 
illustrates the various implants and an actual patient with the 
implant device. Fig 5 shows how an electrode could be implanted on 
to the brain to obtain the signal.

Fig. 4: a) The intracortical micro array b) 100-microelectrode 
array c) The red spot shows the precentral gyrus d) 
Quadriplegic patient working on a BCI task; Courtesy: 
HowStuffWorks

B. Signal Processing Section

A signal processing section typically comprises 3 sections or 
components i.e Multichannel Acquisition Systems, Spike Detection 
and Signal Analysis. Fig. 6 shows the results and the graphical 
representation of a Signal Processing section in a BCI system.

1) Multichannel Acquisition Systems: This segment includes 
amplification, initial EEG signal filtering, and potential elimination of 
artifact. Fig. 6a. shows a multichannel acquisition system to control a 
robot manipulator hand.

2) Spike Detection: : Embedding spike detection would allow only 
the action potential waveform and their respective arrival times to 
be transmitted, rather than the fragmented, raw signal as a whole. 
Fig. 6b. shows spike action potentials for the same robot manipulator 
hand application.

3) Signal Analysis: In this stage, digitized and pre-processed EEG 
signals undergo extraction for certain required features. Fig. 6c. 
shows the final digitized form of the EEG signal for the robot 
manipulator hand application.

Fig. 6: a) Multichannel acquisition system to control a robot 
manipulator hand. b) Corresponding spike detection graph. c) 
Corresponding digitized EEG signal for further signal analysis. 
;Courtesy: Nicolelis et al [3]

Fig. 5: Electrodes as an implant device; Courtesy: 
HowStuffWorks
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C. External Device and Feedback System

External devices can be of any kind, be it visual, haptic, 
pneumatic, etc. The feedback system is usually a part of the external 
device, but in some case the user acts the feedback elements thus 
completing the entire BCI system loop. In an interesting case, Yu et 
al.[4] has proposed a separate hybrid BCI system itself to be a 
feedback device to help enhance motor imagery training. Fig. 7 
shows the loop of a typical BCI system.

IV. DISCUSSIONS

This sections deals with the discussion of the different strategies and 
methodologies adopted by 6 different research publications to show 
the widespread application of BCI systems.

A. The Impact of Neurotechnology on Rehabilitation by  Theodore W. 
Berger, Greg Gerhardt, Mark A. Liker, and Walid Soussou [5]This 
paper is a multidisciplinary project which deals in being able to 
develop a microchip that is in effect a neurological prosthesis which 
will be used or attached to the hippocampus region of the brain . In 
many cases patients undergo some form of damage to the 
hippocampus, this in some of the cases can be or is frequently 
associated with epilepsy, dementia and even stroke. It is also 
considered to underlie the memory losses or deficits elated to these 
conditions of the brain or neurological conditions. Below are listed 
the main goals that are covered in this paper. These include:

1) Research which is experimental based on neuron and the function 
of the neural network

2) Formulation of neural system dynamic models which are 
biologically realistic

3) The process of microchip implementation of the different neural 
system models

4) The process of the making or creation of a hybrid neuron silicon 
interface

The ideal goal would be to complete replace the hippocampus of the 
brain with this neural implant. Not only

Fig. 7: A graphical representation of a BCI System Loop

would it help perform basic function of the hippocampus, but would 
rather function as a neural prosthesis which could help perform 
function far better than that of a regular human brain. Four crucial 
development have been discussed here, these include:

1) In depth simulation of the brain

2) The process of introducing or infusing neurologically active 
compounds into the various specific sites within the brain

3) The process of introducing or infusing neurologically active 
compounds into the various specific sites within the brain

4) The use of a micro electrode array and using computational 
devices that can be used to read out different neural codes that can be 
used to identify the various states for the control of multiple external 
devices

B. Target Selection With Hybrid Feature for BCI-Based

2-D Cursor Control by Jinyi Long, Yuanqing Li, Tianyou Yu, and 
Zhenghui Gu

[6] In a world that is rapidly developing, changing and becoming 
more and more technologically advanced, interacting with screens 
and monitors in general is a crucial skill. This paper deals with 
controlling a mouse cursor on a monitor without physically 
interacting with it. Any user performs two main actions, one, move 
the cursor to a specified location and two, either select or deselect a 
target. In the paper they have implemented the first function in an 
EEG based BCI system which makes use of motor imagery and the 
P300 potential is used to control the sideways or horizontal and the 
upward and downward, which is the vertical cursor movements. In 
the current study discussed the implementation of the target and the 
process of selection or rejection functionality has been achieved 
using  a new hybrid feature consisting of the motor imagery and 
what is the P300 potential used. During this study, eleven subjects 
took part this particular test used was an online test. This test 
involved or included a 2D sequential type of cursor movement 
followed by target selection. With this, the average duration of each 
of the trials as well as the accuracy of the target selection process was 
18.19 seconds and 93.99% respectively. Not only that each of the 
target selection and or rejection event was done or performed in 
under two seconds.

With this technology completely paralyzed individuals will also be 
able to interact with the outside world through this technology. It 
could help change the standard of living of millions of people and 
bring about a sense of independence within them.

C. Brain-controlled wheelchair controlled by sustained and brief 
motor imagery BCIs by Hongtao Wang and Anastasios Bezerianos

[7] This paper discusses a new dry EEG neuro-controlled 
wheelchair that has five different steering behaviours. The quality of 
life of people with full body paralysis is extremely low. With the help 
of this new technology we will be able to provide them a new lease on 
life along with much more independence. Briefly put, a patient will 
be able to control the movement of the wheelchair in the left 
direction by picturing the left hand and in the right direction by 
picturing the right hand. This is dependant on a two staged control 
strategy the combines a sustained and a brief motor imagery BCI 
whenthis is compared with the existing mono or single modal BCI 
controlled wheelchair, it is seen that this new wheelchair has gained 
far more control commands and has a higher information transfer 
rate. Here in this paper the results of the experiment help 
demonstrate that the former method can very efficiently and with a 
higher precision give multiple or many independent control signals 
which are used in the navigation of the wheelchair.
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to provide them a new lease on life along with much 
moreindependence. Briefly put, a patient will be able to control the 
movement of the wheelchair in the left direction by picturing the left 
hand and in the right direction by picturing the right hand. This is 
dependant on a two staged control strategy the combines a 
sustained and a brief motor imagery BCI when this is compared with 
the existing mono or single modal BCIcontrolled wheelchair, it is 
seen that this new wheelchair has gained far more control 
commands and has a higher information transfer rate. Here in this 
paper the results of the experiment help demonstrate that the 
former method can very efficiently and with a higher precision give 
multiple or many independent control signals which are used in the
navigation of the wheelchair.

D. A Human-Vehicle Collaborative Simulated Driving System 
Based on Hybrid Brain- Computer Interfaces and Computer Vision 
by Wenyu Li, Feng Duan, Shili Sheng, Chengguang Xu, Rensong Liu, 
Zhiwen Shang, Xue Jiang [8] TThis paper proposes a system where 
six healthy subjects drive a simulated car in novel simulated 
environmenat called the Human-Vehicle Collaborative Driving 
(HVCD).

The BCI system is used to obtain the state of the brain 
whereas the HVCD is used to solve driving problems for disabled 
people. The BCI system uses the EEG signal to determine the 
intentions of the driver by extracting the Stead State Visually Evoked 
Potential (SSVEP) signals. These SSVEP signals are instrumental in 
the movement of the vehicle in the forward and backward directions. 
They are essentially used to move the vehicle forward or to stop the 
vehicle. Motor Imagery (MI) based BCI is used to turn the vehicle left 
or right or go straight in an intersection area. 

Since, the use of two different BCIs namely SSVEP and MI 
BCIs were done, this results in a Hybrid BCI system. (Asimilar system 
has been proposed by McCullen et al.[9], but instead of a wheelchair, 
robotic upper limb prosthetics are actuated) In addition to this, 
computer vision was introduced to overcome the limited recognition 
accuracy of the EEG signal. It was found that the results were highly 
dependent
on the subjects and their reaction times. The subjects on the whole 
required a lot of training and external factors could easily influence 
the HVCD, driving the vehicle off-road or causing errors.

E. Hybrid Brain/Muscle Signals Powered Wearable 
Walking Exoskeleton Enhancing Motor Ability in Climbing Stairs 
Activity by Zhijun Li, Yuxia Yuan, Ling Luo, Wenhin Su, Kuankuan 
Zhao, Cuichao Xu, Junlian Huang, Ming Pi [10] This paper proposes to 
power an exoskeleton using a BCI system coupled with muscle 
signals as well. The paper has proposed a system where common 
spatial pattern (CSP) is used to extract a part of the EEG signal and 
combine this with neural network concepts to recognize imagery 
tasks.

A hybrid BCI system using Motor Imagery (MI) is used 
which is developed hand in hand with EMG signals. The exoskeleton 
used, called the WalkON Suit is used to help the user climb stairs 
easily and with stability.  The EEG in tandem with the strength of the 
EMG signal is used to adjust the forearms of the exoskeleton to 
provide the right gait in order to climb the stairs without toppling 
over or toppling backwards. However, some commands have to be 
controlled using switches, hence the system is not entirely controlled 
by the brain of the user.

F. Fuzed Fuzzy Petri Nets: A shared Control Method for 
Brain-Computer Interface Systems Fuchun Sun, Wenchang Zhang, 
Jianhua Chen, Hang Wu, Chuanqi Tan, Weihua Su [11] Most of the 
other publications have used a hybrid BCI system on either a 
simulated environment or on a mechanical system that do not have a 
high number of components or ”limbs” that depend on the incoming 
BCI signal. However, for a brain actuated robot arm, since the degree 
of freedom is really high, the BCI signal is not enough to effectively 
perform the grasping action of the arm.

This paper proposes a system to overcome this by using a 
control method which is shared and is based on fuzzy logic networks 
and also combines robot actuated control with BCA or brain-
actuated control thus achieving a hybrid BCI system. In a nutshell, 
each BCI system is a part of the fuzzy logic network thus creating a 
network of BCI systems with robot actuated control to achieve 
smooth movement, high sensitivity and effective grasping of the 
robotics arm.

The application is mainly intended for rehabilitation 
patients who are either paralyzed, are amputees, war veterans etc. 
Although the applications and methodologies are different, a similar 
approach has been used by Valeriani et al.[12] where group 
perception is enhanced by using a collaborated BCI. 

V. RESULTS 

The aim of this paper was to provide a holistic approach
of a BCI system and the vast applications it holds good. In the 
previous section, the applications of only 6 papers were discussed in 
depth to understand how BCI systems could be coupled with other 
systems to give rise to Hybrid BCI system. These Hybrid systems 
could act as a template in each field to be then further pursued and 
modified. This section aims to list out the other applications of 
hybrid BCI systems based on information published in other 
research journals and publications.
 

Providing physically-challenged people with means of 
communication, controlling the immediate environment and 
restoration of movement

 Being able to provide enhanced or better control of movement 
devices equivalent to or like wheelchair vehicles, or robots that can 
assist people who have physical disabilities or are physically 
challenged. Such a system as has been proposed by Long et al.[13]

 Give another added channel for control when it comes to computer 
games as already implemented using VR concepts by Leeb et al.[14]

 Being able to monitor the attention of long distance drivers or the 
pilots of aircrafts and being able to send alerts and various warnings 
in emergencies  Being able to invent or develop different devices that 
can be used to promote relaxation

 Being able to control robots that need to function or process in very 
dangerous or inhospitable, i.e regions that cannot be occupied, 
(these include underwater or in temperatures which are extremely 
cold or which are extremely hot; an example could be that of space).

Enhancing benefits of various therapeutic methods by creating a 
feedback loop.
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Development of passive devices for the purpose of monitoring brain 
activity in different scenarios, these scenarios include the process of 
monitoring long term effects of drugs and also evaluating the 
psychological state etc. This has been proposed by Badia et al.[15]

 Monitor stages of sleep

 Bionics/Cybernetics as proposed by Pfurtscheller et al.[16]

 Memory Upload/Download

 Dream Capture

 Open source possibilities for the public to engage in BCI research 
and development. This was proposed by Chiesi et al.[17] 

VI. CONCLUSION

BCI systems on their own have been proved to be feeble in 
solving real world problems in comparison to hybrid BCI systems. 
Hybrid BCI systems have allowed for the seamless interfacing of two 
different systems to achieve the best of both worlds. In spite of this, 
most of the research publications have expressed the shortcomings 
of BCIs as the main reason for them not obtaining the desired results.
In order to effectively use the Hybrid BCI systems, the subject, or the 
user must be trained excessively. Training costs act as overheads to 
the already existing costliness of the entire system. In addition to this 
the operational speeds are slow, and some BCIs require 
neurosurgery which can lead to severe complications. However, in 
the coming years, Brain computer interface can bring back and add 
to human functions which will result in the improvement of living 
conditions. An example would be the ability to fly an aircraft or a 
blind person being able to drive will become a possibility. In the 
medical industry, researchers are bringing out miniaturized 
equipment and are introducing wireless brain control interface. 
Although BCI has existedfor a decade, it still is in the infant stages. 
But with the help of CMOS technology, microelectronics and the 
highly sought after quantum computing techniques, Hybrid BCIs can 
leapfrog to become one of the most advanced technologies available 
to mankind.
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