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Abstract 

Meditation is a form of mental training that has therapeutic potential and cognitive 

benefits that may enhance attention, mental well-being, and neuroplasticity. 

However, the learning process is not easy because meditators do not receive 

immediate feedback that lets them know if they are correctly doing the activity. EEG 

Neurofeedback training is one of the techniques to train brain self-regulation and it 

has the potential to increase the effectiveness of meditation. However, the benefits 

greatly differ between subjects with a high percentage of inefficacy. In this work, an 

EEG Neurofeedback Training System is proposed based on user-centered design 

methodology to provide real-time performance feedback to meditators to increase 

levels of attention and relaxation through a visual, sound and smell stimuli interface. 

Levels of attention and relaxation of nine participants were measured with a mobile 

Neurosky EEG headset biosensor during meditation practice to analyze the 

incidence of each type of stimuli during activity. Visual stimuli feedback was able to 

increase attention levels of 78% of the participants by 11.8% compared to a 
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meditation session without any stimuli. The sound stimuli feedback was able to 

increase the relaxation levels of 44.4% of the participants by 16% compared to a 

session without any stimuli. These results might bring new insights for the design of 

a neurofeedback system interface for meditation. Further research on 

neurofeedback training interfaces for meditators is suggested to validate these 

results with more participants. 

Keywords: attention; electroencephalogram; meditation; neurofeedback; 

relaxation; training. 

 

Diseño de un sistema de retroalimentación neuronal para el entrenamiento 

de la meditación basado en electroencefalograma 

Resumen 

La meditación es una forma de entrenamiento mental que tiene potencial terapéutico 

y beneficios cognitivos que pueden mejorar la atención, el bienestar mental y la 

neuroplasticidad en el cerebro. Sin embargo, el proceso de aprendizaje no es fácil 

porque los meditadores no reciben una retroalimentación inmediata que les permita 

saber si están realizando correctamente la actividad. El entrenamiento basado en 

retroalimentación neuronal es una de las técnicas para entrenar la autorregulación 

del cerebro y tiene el potencial de aumentar la efectividad de la meditación. Sin 

embargo, los beneficios difieren mucho entre sujetos con un alto porcentaje de 

ineficacia. En este trabajo, se propone un Sistema de Entrenamiento de 

Retroalimentación Neuronal basado en una metodología de diseño centrada en el 

usuario para proporcionar retroalimentación de desempeño en tiempo real a los 

meditadores para aumentar los niveles de atención y relajación a través de una 

interfaz de estímulos visuales, sonoros y olfativos. Los niveles de atención y 

relajación de nueve participantes se midieron con una diadema Neurosky EEG 

durante la práctica de meditación para analizar la incidencia de cada tipo de 

estímulo durante la actividad. La retroalimentación de estímulos visuales pudo 

aumentar los niveles de atención del 78% de los participantes en un 11,8% en 

comparación con una sesión de meditación sin ningún estímulo. La 

retroalimentación de los estímulos sonoros logró aumentar los niveles de relajación 
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del 44,4% de los participantes en un 16% en comparación con una sesión sin ningún 

estímulo. Estos resultados podrían aportar nuevos conocimientos para el diseño de 

una interfaz de sistema de retroalimentación neuronal el entrenamiento de la 

meditación. Se sugiere realizar más investigaciones sobre las interfaces de 

entrenamiento de retroalimentación neuronal para meditadores con el fin de validar 

estos resultados con más participantes. 

Palabras clave: atención; electroencefalograma; entrenamiento; meditación; 

relajación; retroalimentación neuronal. 

 

Projeto de um sistema de feedback neural para treinamento de meditação 

baseado em EEG 

Resumo 

A meditação é uma forma de treinamento mental que tem potencial terapêutico e 

benefícios cognitivos que podem melhorar a atenção, o bem-estar mental e a 

neuroplasticidade no cérebro. No entanto, o processo de aprendizagem não é fácil 

porque os meditadores não recebem feedback imediato para que saibam se estão 

fazendo a atividade corretamente. O treinamento baseado em feedback neural é 

uma das técnicas para treinar a autorregulação do cérebro e tem o potencial de 

aumentar a eficácia da meditação. No entanto, os benefícios diferem muito entre os 

indivíduos com um alto percentual de ineficácia. Neste trabalho, um Sistema de 

Treinamento de Feedback Neural baseado em uma metodologia de design centrado 

no usuário é proposto para fornecer feedback de desempenho em tempo real para 

meditadores para aumentar os níveis de atenção e relaxamento através de uma 

interface de estímulos visuais, sonoros e olfativos. Os níveis de atenção e 

relaxamento de nove participantes foram medidos com uma faixa de cabeça 

Neurosky EEG durante a prática de meditação para analisar a incidência de cada 

tipo de estímulo durante a atividade. O feedback dos estímulos visuais foi capaz de 

aumentar os níveis de atenção de 78% dos participantes em 11,8% em comparação 

com uma sessão de meditação sem nenhum estímulo. O feedback dos estímulos 

sonoros conseguiu aumentar os níveis de relaxamento de 44,4% dos participantes 

em 16% em relação a uma sessão sem nenhum estímulo. Esses resultados podem 
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fornecer novos insights para o projeto de uma interface de sistema de feedback 

neural para o treinamento de meditação. Pesquisas adicionais sobre interfaces de 

treinamento de feedback neural para meditadores são sugeridas para validar esses 

resultados com mais participantes. 

Palavras-chave: atenção; eletroencefalograma; treinamento; meditação; 

relaxamento; feedback neural. 
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I. INTRODUCTION 

Over the last thirty years, science has been proving numerous physiological and 

psychological benefits of the meditation practice [1-3]. One of the most extensive 

and detailed research on this topic has been carried out by Richard Davidson at 

Madison University in Wisconsin EU and the Center for Healthy Minds. He and his 

colleagues have been studying for decades the effects of meditation across a vast 

number and variety of practitioners. Some research has shown the relation between 

mental disposition and pain experience [4], the effects of anxiety on the immune 

system [5], the reduction of cardiovascular risk and healthy aging [6] and how 

meditation can induce plastic changes in the brain, creating new circuits and new 

neurons [7]. To develop these studies, researchers have been using neuroimaging 

technologies such as functional magnetic resonance imaging (fMRI) and 

electroencephalography (EEG).  

German neurologist Hans Berger is considered the father of EEG technology. He 

created the first device able to record brain wave electrical activity in 1924. Since 

then, EEG technology has been getting cheaper and smaller. Today it is possible to 

find a variety of mobile EEG headsets such as the one used in this research. EEG 

biosensors record the electrical brain activity, specifically the post-synaptic potential, 

created by some neurons. Groups of more than one thousand neurons can get 

synchronized and generate different rhythms or frequencies, beta (>13 Hz), alpha 

(8-13 Hz), theta (4-8 Hz), delta (0.5-4 Hz) which are linked to distinct cognitive 

function [8]. Laboratories and companies have been studying the correlations 

between brain activity patterns and different cognitive functions like attention or 

relaxation and processes as learning and meditation.  

Meditation is described as a self-regulatory technique in which the meditator is 

focused on maintaining attention and reaching a restful state. However, the learning 

process is not easy for meditators and particularly for beginners because there is no 

immediate feedback, so they usually do not know if they are doing the activity 

correctly [9].  

Neurofeedback is a non-invasive technique in which the brain itself is responsible of 

self-regulating the electrical activity that is reflected in the brain waves, based on the 
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feedback stimulus that receives from its own functioning. The feedback stimulus can 

be visual, auditory, olfactory or tactile, to let the users know their brain activity and 

become aware of their reactions. Therefore, it generates an increase in the levels of 

self-control and self-awareness. Neurofeedback training can be done by measuring 

the electrical activity of the brain with EEG technology and giving some kind of 

feedback stimulus to the brain.   

Researchers have shown that EEG Neurofeedback appears to increase cognitive 

skills and can be used to support the meditation learning process [10-27].  However, 

some recent studies found that the benefits from neurofeedback greatly differ 

between subjects, and in some particular cases neurofeedback does not appear to 

provide an advantage over meditating on one's own [28,29]. That is why authors [30-

33] suggested the use of personalized neurofeedback as a potential way to reduce 

the inefficacy problem and some other considerations have been shared for the 

design of a neurofeedback training system.  

In this work, an EEG Neurofeedback Training System (EEG-NFTS) is proposed, 

based on user-centered design methodology to provide real-time performance 

feedback to meditators to increase attention and relaxation levels through a visual, 

sound and smell stimuli interface. The system was evaluated by measuring the 

effects during meditation sessions.  

This article is divided as follows: Section 2 presents a description of the 

methodology, Section 3 presents the design of the EEG Neurofeedback Training 

System, Section 4 shows the experimental data results and analysis after testing the 

EEG Neurofeedback Training System, and Section 5 presents the conclusions of the 

work. 

 

II. METHODOLOGY 

The experiment was done in a controlled environment with nine healthy participants 

ranging from 20 to 35 years old. Five participants were experienced meditators and 

four participants were non-meditators. The experiment has three stages and 

participants were evaluated individually. In the first stage, participants were asked to 

fill in a form with name, age, gender, meditation experience and their current mood 
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based on Pieter Desmet Pick-A-Mood pictorial tool for mood measurement [34]. 

Cardiovascular variability and arterial pressure were measured using Beurer 

Electronic Sphygmomanometer. In the second stage, participants were asked to sit 

in a comfortable position, about 80cm away from the EEG-Neurofeedback Training 

System and to have 4 individual meditation sessions of 10 minutes each. In the third 

stage, the current mood of the participants, the cardiovascular variability and arterial 

pressure were measured to compare data before and after the meditation sessions. 

For the second stage, participants were asked to do a meditation session known as 

Trataka, which is a basic technique for those who begin to meditate and consists in 

maintaining the eyes opened focusing the eyes on an external object. Participants 

were asked to focus their eyes in the EEG-NFTS in order to receive the stimuli 

feedback based on their meditation performance by measuring levels of attention 

and relaxation with the EEG Neurosky headset.  

The first meditation session was without receiving any feedback and the EEG-NFTS 

was off. In the second meditation session, the EEG-NFTS was giving visual 

feedback to the participant.  In the third meditation session, the EEG-NFTS was 

giving sound feedback to the participant. In the last meditation session, the EEG-

NFTS was giving a bergamot smell feedback to the participant. This means that 

during the test each participant had a total of 40 minutes of meditation. During the 

first 10 minutes of meditation the EEG-NFTS was turned off so participants did not 

receive any stimuli feedback. During the last 30 minutes, participants were 

interacting with the EEG-NFTS receiving one type of stimuli feedback every 10 

minutes.  

During each meditation session, attention and relaxation levels were collected from 

each participant by using the EEG Headset Mind Wave 2 from Neurosky which has 

a Bluetooth that was connected to receive the data packet frame which contains a 

12 bit raw brainwaves (alpha, beta, theta, gamma, delta) with a sampling rate at 

512Hz and an integrated data meter for attention and relaxation. The levels of 

attention and relaxation are given directly from the EEG headset in a scale from 0 to 

100 and can be obtained by reading bytes 31-34 from the data frame. The data 

packet frame is described in table 1.   
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Table 1. Bluetooth data frame from Neurosky EEG headset 

Byte position Description 

0-1 Header  

2 Payload length 

3 Signal quality 

4 No poor signal detected 

5 Type of packet 

6 Value length 

7-30 Delta, theta, alpha, beta, gamma bytes 

31-32 Attention level between 0 - 100 

33-34 Meditation (relaxation) level between 0 - 100 

35 Checksum 

 

A. System Design 

An EEG Neurofeedback Training System (EEG-NFTS) was designed and 

implemented to measure the brain activity of the participants using EEG Headset 

Mind Wave Mobile 2 from Neurosky to obtain attention and relaxation levels during 

meditation sessions. Levels of attention and relaxation were sent to an App to 

register the information and to evaluate the incidence of each stimulus in the 

performance of the participants during a meditation session. Figure 1 shows a block 

diagram of the EEG-NFTS. 

 

 

Fig. 1. Block diagram of the EEG-NFTS. 

 

The system contains a microcontroller ATmega2560 that was used to receive and 

process the brain activity data from the EEG headset to control the actuators and 

give real-time feedback based on visual, sound and smell stimuli. The actuators from 
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the system are 60 addressable RGB Neopixel LEDs, a 12V water pump and a 12V 

AC vaporizer. The 60 LEDs were distributed to conform a 35 cm diameter ring. Each 

half of the ring is composed of 30 LEDS which are turned ON and OFF to indicate 

the attention (left half of the ring) and relaxation (right half of the ring) levels through 

a visual stimuli. When the water pump is enabled, the water from a tank flows through 

a hose that is connected inside the ring to the top so that the water falls back into 

the tank generating sound. The water flow is controlled automatically by using PWM 

signals and is proportional to the levels of attention and relaxation. When the 

vaporizer is enabled, the smell begins to flow if the levels of attention and relaxation 

are both above 50 on a scale from 0 to 100. All the electronic components were 

connected in a main circuit board that was designed and installed inside the 

prototype. 

Figure 2 shows some pictures of the design and implementation process to build the 

final version of the EEG-NFTS system. 

 

 

Fig. 2. EEG-NFTS design and implementation process. 
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Figure 3 shows the EEG-NFTS interface which is composed of an encoder, a visual 

light ring indicator, a water flow output and a smell output. The encoder works as a 

button to turn on/off the system and a knob to set up the time duration of the 

meditation session (during the test participants were not allowed to set the time 

duration of the meditation session neither choose which stimuli to activate). The 

cylinder contains the electronic main circuit board, a water tank and a water pump. 

 

 

Fig. 3. EEG-NFTS User interface. 

 

To do the test, the system was configured so that only one type of stimuli was 

enabled per meditation session to evaluate the incidence of each type of stimuli in 

the performance of the user during the development of the activity. The time duration 

of each meditation session was set to 10 minutes. 

Figure 4 shows a photo of the EEG-NFTS giving visual, sound and smell stimulation 

feedback to the user to increase the attention and relaxation levels during the 

meditation session.  The left side of the ring is showing an attention level of 75 and 

the right side of the ring is showing a relaxation level of 50. 
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Fig. 4. EEG-NFTS giving feedback during meditation session.    

 

III. RESULTS AND DISCUSSION 

Levels of attention and relaxation between 0 – 100 were obtained from each 

participant during a meditation session. The raw data was obtained from the EEG 

headset and then a moving average filter was applied to show the data in a smoothed 

curve. Figures 5, 6 and 7, show the attention and relaxation levels of the participants 

while receiving real-time feedback during the meditation sessions for each kind of 

stimuli. The black curve shows the attention levels without receiving any stimuli. The 

green curve shows the attention levels with visual (light) stimuli. The blue curve 

shows the attention levels with sound (water) stimuli. The red curve shows the 

attention levels with smell stimuli. 
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Fig. 5. Attention and relaxation levels from participants #1, #2 and #3 during meditation session 

with different kind of stimuli. 
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Fig. 6. Attention and relaxation levels from participants #4, #5 and #6 during meditation session 

with different kind of stimuli. 
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Fig. 7. Attention and relaxation levels from participants #7, #8 and #9 during meditation session 

with different kind of stimuli. 

 

Table 2 and Table 3 shows the average levels of attention and relaxation 

respectively of each participant during the meditation session. Table 4 shows the 

data collected from each participant at the beginning and at the end of each 

meditation session. 

 

Table 2. Average attention levels for each participant during a meditation session 

# Participant and Experience 
No 

Stimuli 
Visual 
Stimuli 

Sound 
Stimuli 

Smell 
Stimuli 

Standard 
Deviation 

1. practitioner 50.8 46.6 41.7 41.6 4.42 

2. practitioner 57.6 62.4 62.6 51.6 5.18 

3. practitioner 49.5 55.6 45.3 46.9 4.53 

4. non-practitioner 55.1 59.9 50.1 43.2 7.14 

5. practitioner 55.5 58 52.3 57.4 2.57 

6. practitioner 46.3 50.9 53.2 52.5 3.1 

7. non-practitioner 60.4 59.8 48.5 49.4 7.48 

8. non-practitioner 49.3 58.9 41.5 38.3 9.18 

9. non-practitioner 45 53.7 61.2 50.9 6.73 
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Table 3. Average relaxation levels for each participant during a meditation session. 

# Participant and Experience 
No 

Stimuli 
Visual 
Stimuli 

Sound 
Stimuli 

Smell 
Stimuli 

Standard 
Deviation 

1. practitioner 55 62.5 71 63.9 6.56 

2. practitioner 71.8 44.9 42.5 49.5 13.4 

3. practitioner 40.3 39.5 47.7 39.9 3.91 

4. non-practitioner 64.6 56.8 61.4 64.7 3.71 

5. practitioner 58.2 52.9 66.4 42 10.22 

6. practitioner 64.4 48.3 54.8 57.6 6.7 

7. non-practitioner 66.8 56 49.8 49.1 8.19 

8. non-practitioner 74.5 45.2 76.2 57 14.82 

9. non-practitioner 56.4 46.1 54 59.5 5.73 

 

Table 4. Data collected at the beginning and at the end of each session for each participant. 

# Participant and 
Experience 

Mood at the 
Beginning 

Mood at the End 
Arterial 

Pressure at the 
Beginning 

Arterial 
Pressure at the 

End 

1. practitioner Excited- Lively Cheerful - Happy 99/66 – 86ppm 95/58 – 70ppm 

2. practitioner Cheerful - Happy Relaxed- Carefree 110/74 – 80ppm 113/74 – 75ppm 

3. practitioner Excited - Lively Relaxed - Carefree 121/85 – 88ppm 125/100 – 74ppm 

4. non-practitioner Excited - Lively Relaxed - Carefree 124/56 – 78ppm 120/70 – 66ppm 

5. practitioner Cheerful - Happy Excited - Lively 105/70 – 90ppm 110/74 – 80ppm 

6. practitioner Irritated- Annoyed Calm - Serene 120/76 – 103ppm 133/78 – 81ppm 

7. non-practitioner Cheerful - Happy Excited - Lively 124/81- 78ppm 129/106 – 74ppm 

8. non-practitioner Irritated- Annoyed Cheerful - Happy 132/76 – 87ppm 125/82 – 85ppm 

9. non-practitioner Excited - Lively Cheerful - Happy 125/80 – 85ppm 124/75 – 80ppm 

 

These results show that the visual stimuli feedback was able to increase the average 

attention levels of 78% of the participants by 11.8% compared to a meditation 

session without any feedback. The sound stimuli feedback was able to increase the 

relaxation levels of 44.4% of the participants by 16% compared to a session without 

any feedback. The visual stimuli feedback has a positive impact on the attention 

levels but reduces the relaxation levels of the 88.9% of the users by 19.9%. Smell 

stimuli feedback was only able to increase the average attention and relaxation 

levels of 33.3% of the participant by 9.9% and 7.3% respectively. The smell stimuli 

feedback reduced the average attention and relaxation levels of 66.6% of the 

participants by 16% and 20% respectively. 

Participants that are practitioners obtained lower levels of standard deviation for 

attention compared to participants who are non-practitioners. This means that non-
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practitioners are more sensitive to variations of their attention levels during a 

meditation session while receiving different stimuli feedback. Standard deviation 

levels for relaxation were similar for both practitioners and non-practitioners. This 

means that all the participants are more sensitive to variations of their relaxation 

levels during a meditation session while receiving different stimuli feedback. 

Following the self-reported mood, one can deduce that at the beginning of the test 

most participants felt excited-lively. At the end of the test, most participants felt 

cheerful-happy and relaxed-carefree. This resonates with the biometric 

measurements taken at the beginning and at the end of the test in which most 

participants show a decrease in both, pulse variability and arterial pressure, this 

behavior is directly related to low anxiety and high wellbeing. These results show 

that different stimuli feedback can improve the meditation performance of the 

practitioners by increasing attention and relaxation levels leading to a desired 

mindful state. 

 

IV. CONCLUSIONS 

An EEG Neurofeedback training system (EEG-NFTS) was proposed to increase 

attention and relaxation levels during a meditation practice by giving real-time 

feedback to the user through visual, sound and smell stimuli. The system was 

validated with nine participants by using a Neurosky EEG headset to measure 

attention and relaxation levels during meditation practice to evaluate the incidence 

of each stimulus in the performance of the activity. The visual stimuli feedback was 

able to increase the average attention levels of 78% of the participants by 11.8% 

compared to a session without any feedback. The sound stimuli feedback was able 

to increase the average relaxation levels for 44.4% of the participants by 16% 

compared to a session without any feedback. The visual stimuli feedback has a 

positive impact in attention levels but reduces the relaxation levels of the 88.9% of 

the users by 19.9%.  

The system has a greater impact on the average attention levels of the 

inexperienced meditators during a meditation session, so it can be useful during the 

meditation learning process.  
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The smell stimuli tend to reduce the average attention and relaxation levels of the 

participants. However, smell feedback was not clear for the participants because 

even if the vaporizer is turned on and off the aroma will still be in the air.  

Further research with a larger number of participants is required to validate the 

effects of real-time feedback based on the proposed stimuli interface. The system 

was designed so that it can be used to give real-time feedback to the participants 

during a meditation session by using one or more stimuli at the same time. It is 

important to analyze how participants respond to multiple stimuli feedback at the 

same time because by combining different stimuli it could be possible to increase 

attention and relaxation levels simultaneously. 
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