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Abstract

Based on the Flashing Ratchet Potential (FRP) and electro-
spectroscopy detection techniques, a new detection method
was experimentally examined. This method allows the
detection of sub-micro particles in the human exhaled air such
as viral particles and other biological agents. The detection
signal created by this method is carried out by electron current
buildup forming an Electric Current-Spectrum (ECS)
distinguishing the contents of the exhaled air samples. The
detection method was developed based on FRP and a beam of
free charges passing through the electrodes of the FRP. The
ECS is characterized by low-energy free charges interacting
with the medium through which they pass, where numerous
free charges are scattered (delayed) as a result of these
interactions. The resulting ECS is characterized by FRP's
capacity to drift back the delayed free charges to their original
starting positions. By comparing the ECS of two exhale air
samples, this new technology can be utilized to identify the
presence of viral and microorganisms’ particles. The time-
escalating ECS difference quickly indicates the presence of
such particles. Moreover, the FRP's optimal operating settings
was experimentally defined, in addition to the experimental
evaluation of its functionality to confirm the FRP's promising
sensing capabilities, which were statistically examined several
times to ensure the reproducibility of the results.

Keywords: Bio-agents rapid detection system; Flashing
ratchet potential; Electric current-spectroscopy; Thermionic
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Introduction
The spectroscopy detection method served as the foundation for the

invention of the viral particles rapid detection system using Flashing

Ratchet Potential (FRP) [1,2]. This system's initial design was
investigated theoretically and put to the test experimentally. The
resulting system is capable of identifying sub-micron impurity
particles in human exhaled air, such as viral particles, and other
biological agents. This information is conveyed by the accumulation
of electron current, which creates an Electric Current Spectrum (ECS)
characterized by the contents of the exhaled air samples.

The design is based on a beam of free charges traveling across the
FRP's electrodes. Low-energy free charges interact with the medium
passing through the FRP's electrodes. The free charges are scattered
(delayed) by the medium content. As a result of this interaction; the
created ECS is characterized in terms of FRP's capacity to drift back
the delayed free charges to their original starting positions. By
comparing the ECS of two exhale air samples; one filtered down to
micro-objects and the other down to nano-objects, this new technology
can be utilized to detect the presence of viral and microorganisms’
particles in air samples. The time-escalating ECS difference indicates
the existence of such particles. In addition to the assessment of the
FRP optimal operating parameters, an experimental evaluation of the
FRP's functionality was carried out and interpreted, validating the
FRP's promising sensing capabilities, which were repeatedly
statistically assessed to ensure the reproducibility of the results.

Literature Review

Flashing ratchet potential design
The FRP is an arrangement of positive and negative electrodes

fixed in a linear arrangement as shown in Figure 1.

Figure 1: Arrangement of electrodes.

The FRP’s intrinsic core design characterized by Feynman Ratchets
is proposed to extract energy from random Brownian motion of gas
particles as a novel sustainable energy technology [3-6]. The Ratchet
potential working principle is the directional transport of classical or
quantum particles in systems that are dominated by random diffusion
[7]. This directional transport has been gaining much research interest
in the utilization of ratchet in applications of sensing, energy
harvesting and separation [8-12]. Ratchet potential was also
implemented in many microbiology studies including micro-machine
as in the DNA transport and separation, the translocation of proteins
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across membranes and bimolecular machine, nanotechnology and
nanofluid pre-concentration and separation, particles motion against
constant bias, Brownian Motors in addition to infusion and flow
control of nanoscale objects in fluids [13-18].

The FRP electrodes can be a mesh (grid) of metal and insulated by
a coating layer of dielectric material. The electrodes voltage and the
spatial arrangement are described as follows [19]:

• The voltage of the electrodes is arranged in a sequenced setup as
“+V, -V, +V, -V ...,“ simultaneously flashing in time period (τ)
between zero voltage and these values in square wave form as
shown in Figure 2.

• Electrodes are laid in parallel, with spacing (d) between electrodes
with opposite charge signs, and spacing (D+d) between electrodes
with similar charge signs as shown in Figure 1.

• Free charges are transporting between FRP electrodes during the
Voltage Cut-On period (τ). These charges can be produced by
interaction between air particles (mainly O) and Thermionic
Emission electrons.

Figure 2: The square wave voltage signal supplies the FRP’s
electrodes.

Free charged particles transportation visualized results
To offer visual confirmation of the transport of free negative

particles via the FRP electrodes, a systematic investigation was carried
out. The findings, which are depicted in Figure 3, demonstrate
evidence of such transit and the creation of free negative electric
pulses across the FRP. The numerous downward instantaneous peaks
in Figure 3b indicate the arrival of free charges at the FRP back-end
anode, where they are being released at a frequency of 10 Hz by a high
voltage-alternating switch.

Figure 3: FRP back-end anode voltage-to-background signals (a) 
without thermionic electrons; (b) with thermionic electrons.

The higher downward fluctuation in the negative voltage created by 
the free negative particles is further supported by the statistics of the 
FRP back-end anode voltage signals, which show that the Root Mean 
Square (RMS) for the FRP back-end anode voltage signal without 
thermionic electrons is (VRMS=160 mV) and for that with thermionic 
electrons is (VRMS=240 mV). The VRMS at the FRP's back-end 
anode will reflect the negative maxima pulses as:

Therefore, it is justified for VRMS to be used as an indicator for the 
quantity of free negative particles moving through the FRP and 
arriving at the anode.

Investigation of particles’ transportation under flashing 
ratchet potential

In the experimental apparatus, the thermionic free electrons emitted 
from the cathode was captured and mounted at the vicinity of the high 
voltage insulated electrode. The supplied high voltage is half rectified 
square wave first with frequency (10 Hz), in which the electron time 
elapsed in the vicinity of the high voltage electrode is sufficient for the 
majority of electrons to be captured by ambient air Oxygen (O2) 
particles, where at low electron energies, the dominant mechanism of 
O2

- ion formation is three-body electron attachment to O2. Then most 
of charge carriers (free charges) can be assumed as (O2

-), producing 
O2

- as free charged particles in accordance with electron attachment 
interaction:

Where electron attachment occurs very quickly, in a few tens of 
nanoseconds, given that O2

- ion is one of the dominant negative 
ion species in low-temperature plasmas in oxygen, air and other 
oxygen containing mixtures.

Where (V ̅) is the FRP voltage, (m) is O2 mass and (q) is the charge 
of electron. The travelling time (t) is governed by the FRP frequency 
(FFRP) as:
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    The average distance travelled (D t̅rv) by O2
-  ions having average 

energy (qV ̅) in a travelling time (t) is given by:



Hence:

The relation between the average distance travelled and the FRP 
voltage at constant frequency (500 kHz) is shown in Figure 4, but for 
the FRP, the successful transportation is governed by the sequence of 
distances travelled (d, 2d+D, 3d+2D), i.e. (1 cm, 4 cm, 7 cm), then, 
increasing the voltage will not increase the transported particles simply 
as given in equation (4). For instance, by fixing the FRP frequency at 
(500 kHz), and for the O2- particles to travel (1 cm), the optimum FRP 
voltage to travel across the first negative electrode should be greater 
than (~ 4.2 Volts), where increasing the voltage above this value will 
not increase the number of transported O2

- particles as (∝√V) reaching 
the back-end anode ultimately. In fact, the number of the transported 
particles will increase by increasing the average number of O2

- 
particles acquiring energies greater than (4.2 eV), taking into 
consideration that the energies of O2

- particles will be distributed in 
accordance with the FRP geometrical and operation conditions. On the 
other hand, continuing to increase the FRP voltage to higher values 
will increase the number of O2

- particles acquiring energies sufficient 
to travel a distance large enough to escape from the FRP system from its 
boundaries. Hence, increasing the FRP voltage above some optimum 
value will decrease the number of transported O2

- particles reaching 
the back-end anode.

Figure 4: The relation between the average distance travelled and 
the FRP voltage at constant frequency (500 kHz).

The experimental results shown in Figure 5 confirm the theoretical 
calculations and the expected transportation behavior of O2

- particles 
across the FRP, for voltages below and above the optimum FRP 
voltage explained earlier. The VRMS was measured for FRP voltage 
values in the range V∈{4,11} V at constant frequency (500 kHz).

Figure 5: The experimental relation between the FRP voltage and 
the average number of transported free charges as indicated by VRMS at 
constant frequency (500 kHz).

The statistical analysis was confirmed experimentally by evaluating the 
standard deviation (σ) for each value of FRP voltage in the range V ∈ 
{4,11}, and the results are shown in Figure 6. The statistical analysis 
also points out the FRP regulating the free particles’ transportation, 
where the standard deviation is smaller for FRP’s voltages (5 and 6) V, 
in which the average distance travelled by those free charges with 
energy in the range (5~6 eV) is in the range D t̅rv∈{1.1 ,1.2}  cm in 
accordance to equation (4). Here, the majority of free charges starts 
moving with energies just sufficient to cross the first FRP negative 
electrode (d=1 cm). While for the other values of FRP voltages, the 
higher value of standard deviation can be explained as:

   Figure 6: Statistical analysis of the experiments measuring standard 
deviation (σ) for the relation between the FRP voltage and the average 
number of transported free charges as indicated by VRMS at constant 
frequency (500 kHz).
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For low FRP voltage (V ≤ 4) V, the majority of free charges starts 
moving with energies insufficient to cross the first FRP negative 
electrode (d=1 cm) in accordance with equation (4). Hence the free 
charges start to accumulate in the vicinity of positive electrodes, and 
after some period of time; the distance need to be travelled by some 
portion of these free charges becomes shorter than (1 cm). 
Accordingly, the VRMS becomes time-dependent, which in turn 
increases the standard deviation. For high FRP voltage (V>6) V, the 
majority of free charges starts moving with excess energy to cross the 
first FRP negative electrode (d=1 cm), hence a significant portion of 
free charges will cross the first FRP negative electrode, as well as some 
of the negatively charged particles near the boundaries will have 
sufficient energies to make random escapes, in which the magnitude of 
the transported free charges will be dependent on the produced 
thermionic electrons that is time-dependent (room conditions). This 
also makes the VRMS time-dependent, increasing the standard 
deviation.

Another experiment was carried out to measure the VRMS 
behavior at a constant 6 V FRP voltage against changing the FRP 
frequency in the range (500-1000) kHz. The experimental results 
shown in Figure 7 also agree with the theoretical calculations and 
explanations, as the frequency required to have the free charges with 
energy 6 eV travelling the distance 1 cm is in the range ~600 kHz. 
Below this frequency value, i.e., 500 kHz, there will be more time for 
travelling then making transportation to the next electrode, while 
increasing the FRP frequency above (600) kHz will decrease the time 
of traveling, and then decrease the number of transporting free charges 
to next electrode despite of increasing negative particles’ energies by 
oscillations, this explains the decreasing trend of the curve for FRP 
frequency in the range (500-800) kHz, while for greater frequencies 
(>800) kHz, the negative particles oscillations (i.e. energies) become 
greater with increasing frequency, and after a while, it will start 
moving from farther starting points that makes the required traveling 
distance shorter than (1 cm), then increasing the number of 
transporting free charges (VRMS).

Figure 7: FRP frequency dependence on the VRMS. The FRP
voltage was kept constant at 6 V.

Discussion

Detection methodology examination
The experiment showed that the anode VRMS value (i.e., 

transportation of free negative particles) is sensitive to room 
conditions that changed on hourly basis, mainly due to the existence of 
free radicals in the room atmosphere. However, the response of anode 
VRMS to changing FRP voltage and frequency represented in the 
curves of Figure 5 and Figure 7 remained unchanged after repeating 
the experiment several times, and only small changes in the scale were 
observed.

According to Figure 5, the optimum FRP voltage is found to be 
about 6 V, and from Figure 7, and for the purposes of detection of 
medium impurities, a critical value of FRP frequency need to be 
selected in order have a significant change of anode VRMS once 
introducing impurities to the medium between FRP electrodes. Hence, 
a frequency of 600 kHz will be selected for the examination of 
detection functionality. The anode VRMS stability at (6 V, 600 kHz) 
FRP operation parameters was examined by taking 10 readings of 
anode VRMS values with time difference of 60 seconds, after 5 
minutes of turning on the experimental setup. The result of this 
experiment is shown in Figure 8, where the standard deviation was in 
the range 1.53 mV, i.e., about (2%) of the average value of anode 
VRMS.

Figure 8: Continues 10 minutes examination of VRMS behavior at 
constant (6 V, 600 kHz) FRP operation parameters.

The final experiment examining the detection methodology was 
conducted using talcum powder (natural clay mineral composed mainly 
of magnesium, silicon, oxygen and hydrogen). The powder particles 
have an average grain size of 26.57 μm. In this experiment, an 
approximately similar amounts of ~0.1 g of talcum powder was 
gradually dropped (in~2 seconds intervals) over the FRP electrodes 10 
times at (7, 9, 11, …25) minutes after operating the apparatus. The 
VRMS was measured instantly, and VRMS was measured for 
comparison purposes (10) times at (6, 8, 10, …24) minutes also after 
operating the apparatus. The experimental results shown in Figure 9 
confirmed the detection methodology, where the percentage difference 
in the measured VRMS for experiment with, and without talcum 
powder, was found to be in the range (4.5-13.4 %).

For smaller particles (size ≪ 26.57 μm) such as viral particles (~0.1 
μm), the VRMS percentage difference will be much less than the 
measured value, this difference can be amplified (using an electronic 
amplification module) and accumulated with time to boost any
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differences (if existed) between the two samples, in which both 
random and systematic errors decrease with measurement time, as 
well as the possibility to decrease the VRMS dead-time intervals by 
using more advanced electronic measurement module (Figure 9).

Figure 9: Detection methodology examination based on VRMS 
comparison for talcum powder by 10 times dropping at constant (6 V, 
600 kHz) FRP operation parameters.

Sample preparation and insertion
The detection system recognizes the existence of specific sized 

particles, which can be done by comparing two produced ECS’s of the 
same sample, the first taken from the sample in the region between the 
two filters (150 nm and 50 nm) as shown in Figure 10, where potential 
impurities of viral particles size (~100 nm) might exist. The second 
sample taken from the region after the filter (50 nm) where the 
probability of viral particles existence is small. Measuring the two 
samples (with the same operation parameters) will give two ECS’s, 
and subtraction of the ECS of the first sample from ECS of the second 
sample will yield one of the following cases:

•

•

The ECS subtraction will yield a line fluctuating around zero over
time, which means that the two samples are identical. Then there are
no impurities with size in the range (150-50 nm) existing in the
sample (i.e., negative test result).
The ECS subtraction will yield a line that increases over time, which
means that the two samples are not identical. Then there are some
impurity particles with size in the range (150-50 nm) existing in the
sample (i.e., positive test result), and the slope of this ECS line
reflects the density of such impurities in the samples (number of
copies of viral particles).

As seen in Figure 10, the system valves regulate the insertion of the
first and second samples. In order to reduce noise in the ECS signals, a 
sample polarization filter should also be implemented to prevent 
strongly polarized objects (such as water vapor) from accessing the 
FRP electrode assembly. Although small weakly polarized objects will 
have an electrical impact on both the first and second samples' ECS, 
this effect will be mitigated by subtraction ECSs and lengthening the 
measurement period.

As a result, this detection system can be utilized as a rapid “Gate” 
to the Polymerase Chain Reaction (PCR) test. It is worth mentioning 
that this new detection methodology has no potential false negative 
results, which necessitates no PCR test after having a “prompt” 
negative result in this new detection methodology.

Figure 10: Sample preparation and sample insertion system.

There will be other methods to ensure a sufficient number of viral
particles entering the detection system, one of these methods includes
blender-to-liberate viral particles from aerosol liquid droplets before
entering the first filtration system (150 nm filter), and to be derived
directly toward the polarization filter without passing the 50 nm filter
for the first sample. The second sample to be collected after passing
the 50 nm filter, as depicted in the sample preparation mechanism in
Figure 11. Also, the exhaled air is preferred to be collected from
enforced coughing that has relatively large amount of liquid from the
upper respiratory system.

Figure 11: Improved sample collection mechanism.

Conclusion
This new detection methodology was designed based on the 

controlled transportation of charged particles using Flashing Ratchet 
Potential (FRP) electrodes, and the interaction of the transporting 
charged particles with samples’ contents. In this research, the existing 
and controlled transportation of free negatively charged particles 
(mainly O2

-) through FRP electrodes was ensured at different system 
operational parameters. In addition, the magnitude of this free current 
was measured for different samples of impurities crossing in parallel to 
the FRP electrodes in standardized experimental procedures and 
conditions, and the effect (shortages in the electric negative voltage 
pulses forming the current spectrum) of such impurities was measured 
by counting for voltage root mean square at the FRP back end anode. A 
proof of concept of this new detection methodology was conducted and 
showed promising results in detecting small impurities (median 
diameter of 26.57 μm) of talcum powder. As a conclusion, the 
detection theory and proof of concept was successfully examined, 
showing a detection capability (i.e., the sample’s impurity size and 
density) that can be improved by improving the manufacturing and
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operational conditions, as well as a detection accuracy that can be 
increased by increasing analysis duration.

The detection experiment used powder particles with a median 
diameter of 26.57 μm. The percentage difference in the measured VRMS 
was in the range (4.5-13.4%), while the theoretical evaluation showed 
that for viruses; with a rational number of viral particle copies, as well 
as system geometry and parameters, the percentage difference in the 
measured VRMS can be in the range (0.2-0.5%).
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