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Abstract: The study deals with the use of the driver’s brain activity for wireless remote control of the
pneumatic actuator exerting pressure on the secondary foot brake pedal. The conducted experimental
tests confirm that bioelectrical signals (BES) induced by muscle tension within the head can be
used for wireless remote control of a pneumatic actuator to exert a pressure force on a foot brake
pedal for disabled drivers during car emergency braking. It has been shown that the BES artefacts
generated by muscular tension inside the head (e.g., movement of the face and eyelids, clenching
of jaws, and pressing the tongue on the palate) are the easiest to control of the pneumatic systems.
The proposed car braking assistance system controlled by the driver’s brain activity can improve
the driving safety of disabled people, e.g., by reducing the reaction time of pneumatically assisted
emergency braking.

Keywords: brain control interface; pneumatic control system; secondary foot brake pedal; emergency braking

1. Introduction

Currently, car vehicle manufacturers are striving to implement autonomous driving vehicle (ADV)
technology. With the advancement of innovative technology, new cases of ADV use will appear in
means of transport, which largely depend on the type of vehicle and the place of their driving. The final
ADV plan is a driverless car. However, autonomous vehicles do not correctly recognise various
human intentions. Recently, attention has been paid to the brain-computer interface (BCI) cooperation
strategy and automatic driving [1]. The human brain provides a wealth of information about a driver’s
cognitive and emotional states [2]. The purpose of various studies is to use the brain (mind) in vehicle
control systems or their particular mechanisms. Particular solutions, such as a brain-controlled car
for people with disabilities, are also being considered. Reference [3] presented a car for a disabled
person, which reads brain signals and controls the car accordingly. Brain-controlled vehicles based
on the driver-vehicle interface (DVI) can provide mobility for disabled people [4]. In Reference [5],
a new controller assistant design using predictive control methods to improve the performance and
safety of the car controlled by the driver’s brain was proposed. In References [6–8], the development
of brain-controlled cars that can be used by people with disabilities was presented. Various brain
states as patterns of neural interaction to control the car are analysed [9]. The mental state of the
driver is characterized by different brain frequencies, e.g., beta waves from 12 to 30 Hz are a state of
concentration, and alpha waves from 8 to 12 Hz are a state of relaxation [10]. Additionally, muscle
contractions within the head are a unique pattern of bioelectric signals whose separation can be used
to control the car. There are also press reports that Chinese engineers from Nankai University in
Tianjin have developed a brain-controlled car. In Reference [11], a study on the use of the operator’s
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bioelectric signals to control electro-pneumatic positioning systems has been presented. The operator
was equipped with a brain-computer interface (BCI), which measures and analyses bioelectric signals
(BESs) and then converts them into appropriate control signals for the pneumatic system. This solution
was used to safely control pneumatic actuators. The emergency stopping of a pneumatic actuator using
”thoughts“ was analysed. Reference [12] presents a new design of a wearable orthosis of the elbow joint
with a bi-muscular pneumatic servo-drive with control based on the recording of bioelectric signals.

The initial studies presented in the work are part of extensive research in which the main purpose
is to adapt disabled people to self-driving. One of the research threads is to determine the reaction time
of drivers of the car during emergency braking. The study will take into account various scenarios,
such as car speed, distance from the obstacle, age of the driver, degree and type of disability of the
driver, various driver tasks, and changing traffic situations. It is planned to carry out tests both on the
driving simulator and on the Kielce Track. The driving simulator is equipped with a driver’s cab with
sensors on the position of the vehicle controls including the accelerator, brake, and clutch pedals as
well as a gear lever. The reaction time during emergency braking depends on three factors: driver’s
mental reaction time, brake reaction time, and motor car reaction time. In the case of a driver who is
distracted and tired, has temporary attentional lapses, mental stress, neurological and motor diseases,
or takes medication, his reaction time during braking is significantly slowed down. There are known
works regarding the detection of driver brain activity for simulated driving, but there are no works
regarding the use of driver brain activity for emergency braking in real road conditions. These tests
are of particular importance for drivers with disabilities. Many people have motor disabilities due to
amputation or neurological diseases.

In this work, we have developed an innovative system for using the brain activity of the disabled
driver to control a pneumatic actuator by exerting pressure on the secondary foot brake pedal during
emergency braking. The authors proposed a new BCI, which uses a neural impulse actuator (NIA),
wireless network interface controller (WNIC), and controller of a pneumatic actuator (PA). The captured
BESs were analysed by fast Fourier transforms (FFT), which were translated into commands for control
of a pneumatic valve that starts the pneumatic actuator. During an emergency, the driver must
concentrate on braking, which induces his brain. The presented pneumatic actuator assembly is
adopted to apply the required pressure to an automobile brake pedal, but it can also be used as
a removable brake pedal actuator adaptable to accurate and rapid testing procedures, such as those
required in the assembly line testing of vehicles. For safe driving, the car should be equipped with
obstacle detection and avoidance mechanisms. If the developed braking assistance system becomes
cost-effective, it will be possible to enable more functions. In the future, brain support for driving
systems, such as automatic navigation systems, automatic speed control mechanisms, traffic signals,
signboard detection, and automatic car starting mechanisms, will be analysed.

2. Model of Actuating the Secondary Foot Brake Pedal

Dual control systems are installed in cars to ensure driving safety in special conditions. The dual
control systems in the car relate to auxiliary devices, such as clutch pedals, brake pedals, and acceleration
pedals, which are located on the passenger side. Such dual control is mainly installed in driving schools,
but it would also be useful for people who require to be checked while driving. Dual brake pedals
themselves have been introduced to increase the safety standard and driving comfort for certified
driver rehabilitation specialists (CDRS) who supervise disabled drivers. The dual brake pedals can
also be used by people who want to extend the training period in a family vehicle. In this case, the dual
brake pedals are ideal for long-term use beyond the training evaluation period by reducing risk and
stress for both the driver and the passenger. A disabled driver during independent driving can react to
road hazards with some delay, especially during emergency braking. Therefore, the authors proposed
a brain-controlled pneumatic system, which consists of the fact that, as a result of the driver’s brain
activity, the pneumatic actuator presses on the secondary foot brake pedal. A new solution of the dual
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foot brake pedals, consisting of the primary driver pedal and the secondary pedal pressed by the
pneumatic actuator, is shown in Figure 1.
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Figure 2. Design solution of a pneumatic actuator assembly: 1 –single-acting actuator, 2 – spherical 
rod-end, 3 – cap-end female clevis, 4 – articulated male rear hinge, 5 – contact pad. 

The pneumatic actuator used in the pneumatic assembly is a single-acting cylinder with a 
single-piston rod. In a single-acting actuator, compressed air is supplied only to one side of the 

Figure 1. Dual foot brake pedals: (a) primary driver brake pedal, (b) pneumatically actuated secondary
brake pedal, 1–pneumatic actuator assembly, 2–brake pedal pad, 3–brake pedal arm, 4–tubular shaft.

The primary foot brake pedal is rigidly connected to the secondary pedal by a tubular shaft.
The driver presses his foot on the brake pedal while braking the vehicle. A spring returns the pedals to
the upper (resting) position when the driver’s foot is removed from the pedal. The secondary foot
brake pedal is pressed by a pneumatic cylinder, which is controlled by the driver as a result of his
brain activity during emergency braking. When relaxing, the pneumatic actuator releases the pressure
on the secondary brake pedal. The dual braking system ensures greater driving safety because the
secondary brake pedal is pneumatically pressed when the disabled driver cannot press the primary
brake pedal in time. The design solution of a pneumatic actuator assembly with mounting accessories
is shown in Figure 2.
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The pneumatic actuator used in the pneumatic assembly is a single-acting cylinder with a single-piston
rod. In a single-acting actuator, compressed air is supplied only to one side of the piston surface. The other
side is open to the atmosphere. The single-acting cylinder uses compressed air only for the working
stroke with movement in one direction. A built-in spring affected the return movement of the piston.
The presented pneumatic actuator assembly is adapted to exert a specific pressure force on the secondary
foot brake pedal in a car. When selecting the stroke of the pneumatic cylinder, it was assumed that the
brake pedal sits 160 mm from the floor, when this distance is measured perpendicularly to the front face
of the pedal. As the brake pedal is pressed by the contact pad of the pneumatic actuator, it rotates through
an arc. This angle can be up to 40◦, depending on the vehicle type. The total brake pedal deflection is
80 mm. The free displacement of the brake pedal, which may be around 6% of the available deflection,
must be taken into account.

Based on data from literature, the pressure force and the reaction time of an abled driver during
emergency braking were analysed [13]. Manning [14] registered a mean peak force of 750 N while
braking and found no statistical difference between men and women. According to Reference [15],
the average brake force in an emergency braking event was 796 N, and the reaction time was 0.5 s.
In an emergency braking event, the simulated average speed was 67 km/h. Furthermore, it is shown
that, during emergency events, the brake pedal is used more often than the clutch. It was also clearly
stated that subjects who placed their foot higher up on the brake pedal produced a higher maximum
brake force. People over the age of 50 produced maximum emergency braking force much more slowly
than younger people. The paper [16] presents the results of research on drivers’ reaction time in the
case of accident risk. These studies have been conducted on a driving simulator. The purpose of
the test was also to determine braking force depending on the initial lower extremity posture on the
brake pedal. Figure 3 compares the pressure force on the secondary foot brake pedal exerted by the
pneumatic actuator and the pressure force exerted by the driver’s feet at full pedal deflection during
emergency braking.
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Figure 3. Pressure force related to brake pedal deflection during emergency braking: 1–pressure force
of driver’s feet, 2–pressure force of the pneumatic actuator.

The pressure force of the pneumatic actuator is constant throughout its stroke range. However, the brake
pedal pressure felt by the driver’s foot gradually increases. In addition, it will be significantly felt by the
driver when the brake pedal reaches a height of 50% of the available deflection. When the brake pedal
deflection exceeds 60% of the available deflection, braking becomes effective.

3. Control System Solution

The control system solution of the test bench for testing a pneumatically actuated secondary foot
brake pedal based on the driver’s brain activity is shown in Figure 4. The NIA as a recording device reads
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and analyses BESs induced by the driver’s brain activity. The neural impulse actuator then decodes
them into control signals sent by a WNIC to the controller of a pneumatic actuator. The pneumatic
actuator is supplied from a compressed air reservoir. The size of the air reservoir depends on the air
consumption of the pneumatic actuator.Actuators 2020, 9, x FOR PEER REVIEW 5 of 13 
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Figure 4. Diagram of the test bench for testing a pneumatically actuated secondary foot brake pedal:
1–headband with surface electrodes, 2–neural impulse actuator (NIA), 3–wireless network interface
controller (WNIC), 4–controller of the pneumatic actuator (CPA), 5–pneumatic control valve, 6–pneumatic
actuator assembly, 8–compressed air reservoir, 7–sensor of brake pedal deflection.

The NIA is a non-invasive device used as a brain-machine interface (BMI) that reads BESs caused by
brain activity, muscle tension in the head, and during eye movement [17]. NIA offers the interpretation
of raw EEG (electroencephalography) and EMG (electromyography) data as well as their translation
into an understandable frequency spectrum. EEG records a series of brain waves, and EMG records
muscle movement. NIA is composed of a control box, client software, and a headband with three
diamond-shaped sensors, which is put on the driver’s forehead. In the control box, recorded BES are
analyzed, translated, and sent to the NIA client software suite for further processing. Client software
relays the binary impulse signals sent from the control box and passes them onto an executable
program based upon command specifications. The software provided with NIA enables calibration and
defining control profiles creating applications. The rubber headband consists of three diamond-shaped
conductor plates with BESs sensors based on carbon nanofibers (CNFs), which are bound to the
forehead as shown in Figure 5.
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CNFs is a new carbon nanomaterial that has unique chemical and physical properties that are
exceptionally suitable for electrodes for reading bio-signals [18]. Sensors based on carbon nanofibers are
about 100 times more sensitive than traditional sensors. These sensors allow the capture of bio-signals,
which were completely masked in previous measurements. This makes it necessary to separate the
signals into individual components, which is done using fairly complex mathematical operations,
including Fast Fourier Transformation. The advantage of NIA is that it can be easily worn and removed
when needed. The NIA device does not limit the physical movement of the driver and allows you to
experiment with various mental states that the driver experiences.

Effective control of a pneumatic actuator with the use of NIA requires a snug fit of the sensors
to readers of BESs, calibration of the device, and training of the test participants (drivers). To test
the use of bio-signals and wireless communication in the control of a pneumatically actuated foot
brake pedal, a WNIC was built. The WNIC enables the streaming of high-fidelity control signals
to a device connected to Wi-Fi in real-time. Wireless communication does not distort the control
signals and is not limited by wires that cause noise and interference. The controller of a pneumatic
actuator (PA) enables control of the movement of the brake pedal actuator by an electrical input signal
connected to a directional 3/2-way solenoid pilot-operated valve. To extend the actuator piston rod
(emergency braking condition), the monostable 3/2 normally closed (NC) valve must be activated
by an electric signal. To retract the actuator piston rod (brake release state), the electric signal in the
valve disappears. The controller of a pneumatic actuator retrieves a feedback signal from the position
transducer of the secondary brake pedal. The measuring system is designed to check the position of
the brake foot pedal and protect against uncontrolled movement of the pneumatic actuator. Once the
BESs are captured by the NIA, they are analysed and separated through FFT into different frequencies
to be translated into commands that the user defines as an electric control signal to the valve, which
starts the pneumatic actuator pressing the secondary foot brake pedal. To obtain the extension of the
actuator piston rod (pressure on the brake pedal) and retract the actuator piston rod (release pedal
pressure), control commands u = (down, up) were selected.

The experimental conditions for a bio-signal measurement result from the technical capabilities of
the NIA. The recorded biological signals require the use of signal processing algorithms to remove
noise by accurately quantifying the signal model and its components. Figure 6 shows the recorded
time-dependent BES spectrum activated by muscle tension in the head. However, Figure 7 shows the
recorded BES frequency spectrum activated by muscle tension in the head. As you can see in Figure 6,
the BES electrical potentials have both positive and negative voltage.
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Figure 7. Recorded BES frequency spectrum activated by muscle tension inside the head: (a) pressing
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Analysis of the recorded frequency spectrum shows that it is possible to distinguish between
mental tasks for a selected frequency band. The usable BESs spectrum band is in the frequency range
from 0.5 Hz to 50 Hz. Due to the symmetry of the spectral band, it is enough to include only half of it
wide. There are essentially two main problems when detecting, recording, and decoding bio-signals.
The first problem is measurement noise, and the second problem is an undesirable electrical potential
(electromagnetic interference). Therefore, the recorded BES frequency spectrum requires pre-processing
to eliminate noise or other possible interference. The pre-processing of the BESs frequency spectrum
usually includes signal filtering [19]. Digital filters, spatial filters, and signal whitening methods are
usually used at this stage. The frequency spectrum of BESs is analysed by a discrete Fourier transform
(DFT) and power spectral density (PSD). DFT is given by Equation [20].

X(ω) =
∑

n
x(n) e− jωn (1)

where ω is the frequency, x is the measured BESs, and n is the number of the signal sample.
In general, it is not possible to calculate a DFT of a signal because it would require an infinite

number of operations. A finite number of discrete-time Fourier transform (DTFT) frequency samples
can always be calculated if the sample spacing is small enough to ensure a good spectrum representation.
If x(n) is limited with the duration of N samples, then Equation (1) is written as follows [21].

X(k) =
N−1∑
n=0

x(n) e− jωk n (2)

x(n) =
1
N

N−1∑
k=0

X(k) e jωk n (3)

where ωk is the discrete frequency of DTFT (ωk = 2πk/N) and k is the bin.
The short-time Fourier transform (STFT) can represent sequences of any length by breaking them

into blocks or frames and applying the DTFT for each of them. For N samples, the frame length
M < N is considered. Then the frame’s Fourier transform for multiply xi(n) with the window w(n) is
shown below.

Xi(k) =
M−1∑
n=0

xi(n)w(n) e− j 2π k n/N 1 ≤ i ≤ K (4)

where K is the number of overlapping frames of length M.
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The spectral density obtained from Equation (4) is shown below.

∣∣∣Xi(k)
∣∣∣2 =

∣∣∣∣∣∣∣
M−1∑
n=0

xi(n)w(n) e− j 2π k n/N

∣∣∣∣∣∣∣
2

(5)

The power spectrum according to the second modification made by Welch to Bartlett’s method is
shown below [22].

Pi(k) =
1

UM

∣∣∣Xi(k)
∣∣∣2 (6)

where U is the normalisation factor for the power spectrum in the window function w(n).

U =
1
M

M−1∑
n=0

w2(n) (7)

Based on Equation (6), the main power spectrum in a frequency band for a limited time can be
calculated by the equation below.

Pm =
1
K

K−1∑
i=1

Pi(k) (8)

To translate BES data into a command signal, all negative electrical potential values must be
converted to positive values. This action aims to present the BES spectrum in the time series by
enabling the definition of standard parameters such as mean, peak, and field values. Based on this
spectrum, the process of preparing a command signal for a pneumatically controlled system is carried
out. Peaks with excessive value are trimmed, and the discrete signal is transformed into a continuous
function. Additionally, a digital smoothing algorithm was used, which determine the main direction
of signal travel. For smoothing BESs data, an FFT filter, a low-pass filter (LF), and Lowess method
(LM) was used. The effect of the BES data smoothing process is shown in Figure 8.
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3–Lowess method (LM), 4–low-pass filter (LF).

LM also is known as locally weighted polynomial regression (LWPR). LWPR approximates
nonlinear functions in large-dimension spaces with redundant and insignificant inputs. For testing
brain activity to control the pneumatic system, the BESs frequency spectrum based on the LF and the
LM at a cut-off of 50 Hz was used. As a result of the test, the BES spectrum was determined to provide
the best results in generating command signals for the pneumatic system. It was found that pressing
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the tongue to the palate or clamping the jaw with more or less force stimulates brain activity and
generates a spectrum frequency about 15 Hz with a maximum amplitude of several mV from which
command to control the pneumatic system can be obtained. Accuracy of controlling a pneumatic
actuator exerting pressure on the foot brake pedal as a result of the driver’s brain activity can only be
achieved after completing training on the driving simulator.

4. Experimental Results

A test bench for practical verification of using a driver’s brain activity for pneumatically assisted
emergency braking was built. Figure 9 shows a view of the test bench design solution where the
pneumatic actuator presses the foot brake pedal, and the laser sensor measures the deflection of this
brake pedal.
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Figure 9. View of the test stand design solution: 1–dual foot brake pedal, 2–brake pedal mechanism,
3–pneumatic actuator, 4–laser sensor.

A standard pneumatic actuator ISO 6432 (Pneumatic Production Center “PREMA” S.A., Kielce,
Poland) with a D = 100 mm piston diameter and an S = 100 mm stroke was used. The triangulation
laser sensor with an output signal in the range of 0–4.74 V ensures the measurement of pedal deflection
up to 80 mm. Two applications have been written for the driver’s communication with the control
system including one for the controller and the other for the driver. The bio-signals’ reader has its own
application, which can be configured so that appropriate control signals are generated based on specific
biopotential values. In the practical test, available bio-signals were used at the BCI application level,
i.e., muscle tension in the participant’s head. Tests confirmed that, by pressing the tongue on the upper
palate or by clenching teeth, the participant generates a bio-signal most readable by the NIA device.
The participant’s ability to generate bio-signals at a sufficient level can be achieved through appropriate
exercises. During the tests, the effect of various bio-signals decoded via the signals controlling the
pressure force of the pneumatic actuator on the secondary brake pedal was analysed.

The bioelectric signal processing (BSP) is based on spectral analysis. Extracting control signal
features based on this analysis allows the quantitative record of the command signal. The presence of
artefacts and noise makes this analysis difficult. This is why digital filtering is then used. The filtration
smooths the command signal and enables its practical application in the control process of the
pneumatic system. The command signal is then formed and amplified to the analog control signal in
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the range of 0–10 V on the control valve coil to start the pneumatic actuator by exerting pressure on the
auxiliary foot brake pedal. Block diagram of the BSP is shown in Figure 10.
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Figure 10. Block diagram of the bioelectric signal processing (BSP).

Practical tests of the control of the pneumatically-assisted braking system carried out confirmed
the assumptions of using the driver’s brain activity for emergency braking. Sample results of practical
tests carried out on the test stand, which showed control signals based on the LF and LM are presented
in Figures 11 and 12. As shown in Figure 12, LM smoothed the local maximum. The graphs in these
figures show that there is a delay between the control signal of the pneumatic actuator and the
measurement signal of the brake pedal deflection, which affects a slight slowdown of the vehicle
braking. The observed delay of the control signal is 0.02 to 0.05 s, which is a neglected value. This delay
is due to data acquisition, the process of generating and processing the control signal, and the response
of pneumatic systems. Upon a rapid increase in the control command, delayed valve actuation and
movement of the pneumatic actuator are always technically justified. Practical tests on the test bench
confirmed that bioelectric signals activated by a driver’s brain can be used to control the pressure force
on the secondary brake pedal.
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The reaction time tr of the pneumatically-assisted emergency braking is the sum of the processing
time tp of the biological control signal (data based on tests) and the stroke time ts of the pneumatic actuator.

tr = tp + ts = 0.23 + 0.01 = 0.24 s (9)

The stroke time ts is calculated according to the formula below.

ts =

√
m S

2
(
p A + m g− Fb − F f

) ≈ 0.01 s (10)

where S is the actuator stroke in a range of the brake pedal deflection (S = 800 mm), m is the moving
mass of the pneumatic actuator (m = 1 kg), p is the working pressure (p = 0.6 MPa), A is the piston area
(A = πD2/4 = 0.0079 m2), Fb is the emergency braking force (Fb = 750 N), and Ff is the friction force
(Ff = 75 N).

5. Conclusions

The study analysed the use of a driver’s brain activity for wireless remote control of a pneumatic
actuator exerting pressure force on the secondary foot brake pedal during emergency braking. A design
solution of the pneumatic actuator assembly has been presented, which has been adapted to exert
pressure on the secondary foot brake pedal of a car. The pneumatic actuator assembly is a removable
brake pedal actuator that can also be used for accurate and rapid testing procedures of brake systems
on car assembly lines. However, the most advanced control solution proposed by the authors is the
pressure force control of the pneumatic actuator on the brake pedal as a result of the driver’s brain
activity. The designed control system consists of devices for reading bioelectric signals, analysing and
decoding them into control signals, and amplifying, transforming, and wirelessly transmitting control
signals to the position controller of the pneumatic actuator. As a result of the experiment, it was found
that BES artefacts are easy and stable to be recognized on the driver’s head. Various driver activities
generating biopotential were taken into account, such as eyeball movement, muscle movement on the
forehead, or moving the jaw, heavy thinking, and relaxing, or closing the eyes. The best effects were
obtained at pressing the tongue against the palate or clenching of jaws with a greater or lesser force.
During the practical test, a useful frequency spectrum of about 15 Hz and an amplitude of several
mV was generated, which, to form command signals of the pneumatic system, was used. The use of
such a solution is justified if it is necessary to increase the driving safety of less experienced drivers
including disabled drivers, when an accompanying person cannot help them. The driver’s ability to



Actuators 2020, 9, 49 12 of 13

use a secondary foot brake pedal-assisted by brain activity depends on training a braking simulator.
Studies have shown that the proposed solution reduces the driver’s reaction time during emergency
braking and, thus, increases driving safety. Further experimental work will concern the analysis of
the disabled driver’s reaction time in real emergency braking conditions to develop comprehensive
models that take various situations. The use of an electric actuator (linear electric motor) in further
design work is also considered. At present, there is no experience in the use of electric actuators in
vehicle braking systems. Safety considerations decide that pneumatic and hydraulic braking systems
are used. The main advantage of pneumatic brakes is their stopping power and safety.
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Abbreviations

ADV Autonomous driving vehicle
BES Bioelectric signal
BSP Bioelectric signal processing
CDRS Certified driver rehabilitation specialists
CES Control electric signal
CNF Carbon nanofibers
DVI Driver-vehicle interface
BMI Brain-machine interface
EMG Electromyography
EEG Electroencephalography
FFT Fast Fourier transforms
LF Low-pass filter
LM Lowess method
NIA Neural impulse actuator
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