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ABSTRACT: Obtaining the ideal particle size is a vital factor in dust processes, from turning wheat into 

flour to cement and calcite production. However, the technology to measure particle size instantaneously 

during the production phase is still an area under development. These measurements made with electro-

optical methods have limited use in industry due to their difficulties and excessive costs. Studies 

conducted with innovative acoustic emission sensors offer new hopes in particle size detection. These 

sensors can successfully measure the dimensions of a wide range of materials, from coal dust to metal 

powders to grass particles. Our study shows that these sensors can also measure the size of light flour 

particles instantaneously. Using developed method, the dimensions of five types of flour mixtures in the 

size ranges of 0-80 µm, 80-118 µm, 118-150 µm, 150-180 µm and 180-212 µm could be measured and 

classified with 100% success. Considering its potential to increase the efficiency of the milling process, this 

technology could revolutionize the milling industry. 
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1. INTRODUCTION 

Today, many studies are conducted to increase energy efficiency in areas such as industry, housing, 

agriculture and transportation. In one application, the energy consumption of dust filters used in industry 

was reduced by 55% using the newly developed method [1]. Time and energy loss have been reduced by 

using new control software developed for the industrial sandblasting process [2]. Artificial intelligence 

algorithms have been developed to be used to increase energy efficiency in buildings [3]. Artificial 

intelligence-supported weather forecasting algorithms have been developed that can increase efficiency 

in agriculture and transportation [4], [5]. A vision for increasing energy efficiency was presented by 

examining the renewable energy resources in the world [6]. Optimization software and models have been 

developed for industrial production efficiency [7], [8], [9]. 

Research is being conducted in many different fields related to the structure of the piezoelectric 

materials used in this study and their use to increase efficiency in the industrial field. Existing piezoelectric 

materials have been examined and piezo-electric-chemical materials that can be used in chemical 

processes have been developed [10]. Factors affecting the performance of piezoelectric materials have been 

examined [11]. The chemistry of stretchable piezoelectric elastic composite materials that can be used in 

wearable technologies has been investigated [12]. Piezoelectric energy harvesters have been studied [13], 

[14]. The effects of acoustic sound waves produced by human footsteps on a piezoelectric element were 

examined [15]. Acoustic signals in cracks in layered titanium fabrication have been investigated using 

piezoelectric acoustic emission sensors [16]. A mathematical model using a piezoelectric sensor has been 

developed to examine the health of metallic and composite structures [17]. The propagation pattern of 

acoustic waves has been studied in metal and aluminum material environments [18]. An inexpensive 

piezoelectric sensor design that can be attached to the device surface has been proposed [19]. 

Polyvinylidene difluoride (PVDF) was doped with nanocomposite lead zirconate titanate (PZT) particles 

and a flexible piezoelectric pressure sensor was developed for energy harvesting applications [20]. A 

piezoelectric transducer was designed using cylindrical PZT [21]. Piezoelectric acoustic devices based on 

commonly used piezoelectric materials have been reviewed [22]. A method that uses piezoelectric PZT 
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material and can measure the energy of laser light by converting light waves into sound waves has been 

developed [23]. A piezoelectric bed impact load sensor was developed to estimate the mass and particle 

size distribution of bed load in naturally sloping streams [24]. The sizes of sand and stones in the rivers 

were measured with a piezoelectric sensor specially placed in the riverbed, and environmental changes 

were analyzed to take precautions for future disasters [25]. A piezoelectric-based coating material that can 

positionally detect real-time impact on planes structural parts has been developed [26].  

It is especially important measuring particle sizes and keeping them within certain limits for efficiency 

in industrial production processes. For example, the certain size of bioparticles and powdered coal is 

highly effective on combustion efficiency, in biofuel and coal power plants. In metal, ceramic or plastic 

production facilities, it is necessary to measure particle sizes to ensure good mixing. Excessive grinding of 

flour in flour production facilities damages the flour and causes the machine to consume too much energy. 

The size of the particles must be measured instantly in many production processes such as cement and 

detergent production. Although electro-optical methods are available, their excessive cost is a 

disadvantage. At this point, piezoelectric materials can be used to measure particle size in industrial 

production processes. A specially designed piezoelectric-based sensor is installed in the flow pipe through 

which the coal dust passes. Impact experiments were conducted with glass particles and coal particles of 

sizes 64 µ, 74 µ, 103 µ and 133 µ at different speeds by the sensor. As a result, it was seen that as the size 

of the particles increases, the amplitude durations resulting from the impact increase. Likewise, it has been 

seen that amplitude durations increase as impact speeds increase [27]. It has been shown that the 

dimensions of steel, cast iron and aluminum powders ranging in size from 0.15 to 1.1 mm can be measured 

with piezoelectric-based sensors. The signal generated by particles falling freely from different heights 

into the aluminum waveguide to which the sensor is connected was passed through an amplifier and then 

examined by counting the amplitudes in 4 channels with different frequencies and threshold ranges [28]. 

With the established experimental setup, particle mixtures of 4-16 mm in size were dropped from different 

heights in free fall and hit the metal waveguide to which a piezoelectric-based acoustic emission sensor 

was connected. The signals resulting from the impact were sampled with a high-speed digitizer and the 

frequency spectrum of the resulting signal was examined. According to the results obtained, it has been 

seen that mixtures with a high proportion of small particles have larger amplitudes at higher frequencies, 

and mixtures with a high proportion of large particles have amplitude maximums at low frequencies [29]. 

The ratio of particles belonging to willow and miscanthus plants, which are used in energy production 

with biomass and whose sizes vary between 400 and 5000 µ, in the mixture was measured instantly with 

a piezoelectric sensor. The effect of different speeds and mass flow rates on measurement was examined 

[30]. The proportions of glass powders between 20 and 250 µ in the mixture were measured with a 

piezoelectric-based acoustic emission sensor. The acoustic emission sensor connected to a metal 

waveguide placed in a flow pipe is sized according to the amplitude levels in the signal resulting from the 

impact of the particles. They see that their amplitude increases as the particle size increases [31]. The 

impact effects of small dust particles on lead zirconate titanate (PZT) ceramics have been studied [32]. The 

effect of granular materials of varied sizes on the piezoelectric PVDF film was examined through signal 

analysis [33]. In an experiment where a total of five sets of glass beads with average diameters of 0.4, 0.6, 

0.8, 1.0 and 1.2 mm were used and the impact velocities varied between 22 m/s and 37 m/s, it was found 

that the Stronge impact theory described the impact process more accurately than the Hertz impact theory 

[34]. A new measurement system was developed using silica sands of sizes 116–750 µm, 61–395 µm and 

10–246 µm as test particles, respectively. Experiments have shown that Sperman's correlation coefficient 

is greater than 0.8 in all size ranges [35]. A particle sizing algorithm was developed in which parameters 

such as peak amplitude, number, width, rise time, and energy of the acoustic emission signal were 

included. In experiments with glass beads in the range of 0.4 mm to 1.2 mm, it was shown that particle 

sizes could be measured with a relative error of 10% [36]. In experiments where glass and polyethylene 

particles with sizes ranging from 150-212 µm and 150-250 µm were used as measurement materials and 

the free fall method was used on a plate to which an acoustic emission sensor was attached, it was shown 

that the particle size distribution in the mixture could be calculated with a time-domain based multiple 
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threshold algorithm [37], [38]. 

In this study, the use of piezo acoustic sensors in measuring the particle size distribution of light 

materials such as wheat flour was investigated, taking as reference the measurement of particle size 

distribution of heavy materials such as salt, sand, glass dust, coal dust and aluminum dust by piezo 

acoustic methods.  

2. MATERIAL AND METHODS 

2.1. Piezoelectric Element and Piezoelectric Effect  

A piezo element with a diameter of 9 mm was glued to a steel waveguide and placed in the flow pipe 

of a vacuum cleaner with the help of a plastic apparatus produced by a 3D printer. Particle impact 

experiments were conducted at air flow velocities of 10 m/s and 20 m/s, and the signals produced in the 

piezo element were analyzed with the help of the developed peak amplitude detection and counting 

algorithm. In the experiments, a 9 mm diameter piezoelectric element, shown in Figure 1 was used to 

produce signals by the piezoelectric effect caused by the impact of flour particles. The experiments were 

repeated with piezoelectric elements of 12 mm and 20 mm diameter, but no significant difference was 

seen. The 9 mm diameter piezo element was selected due to its suitability for installation. The black wire 

was soldered to a brass plate of 9 mm diameter. This was the negative electrode and was numbered 1 in 

Figure 1. On the brass layer, there was a 7 mm diameter PZT piezoceramic layer numbered 2, which 

produces an electrical signal when pressure was applied. On this layer, there was a 6 mm diameter silver 

layer numbered 3, to which the positive electrode was soldered.  

 

 
 

Figure 1. 9 mm piezoelectric element (1) 9 mm diameter, brass layer (2) 7 mm diameter, PZT piezo 

ceramic layer (3) 6 mm diameter, silver layer 

 

The direct piezoelectric effect, in which mechanical energy is converted into electrical energy, is 

explained by the equations given below. The relationship between polarization and stress is expressed as 

in Equation (1). The electrostatic equation of a capacitor is given in Equation (2). Since polarization means 

field per charge, it is expressed by Equation (3).  

 

P = dσ   where:                   (1) 

    P= polarization 

    d= piezoelectric coefficient 

    σ= stress 

 

Q = CV   where:                   (2) 

    Q= charge 

    C= capacitance 

    V= voltage 
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P = 
Q

A
   where:                   (3) 

    P= polarization 

    Q= charge 

    A= area 

 

Since stress (σ) is force per area, Equation (4) is obtained. 

 

σ = 
F

A
   where:                   (4) 

    σ= stress 

    F= force 

    A= area 

  

If we substitute Equation (3) and Equation (4) into Equation (1), we obtain Equation (5). These 

equations tell us that if we apply the same force to the piezoelectric material over a small or large area, we 

will obtain the same voltage. 

 

Q =dF   where:                   (5) 

    Q= charge 

    d= piezoelectric coefficient 

    F= force 

 

Since voltage is generally used in sensor applications, we substitute Equation (2) into Equation (5) and 

obtain Equation (6). 

 

V = 
dF

C
    where:                   (6) 

    V= voltage 

    d= piezoelectric coefficient 

    F= force 

    C= capacitance 

 

The capacitance of the material is obtained with Equation (7). 

 

C = 
ℰoℰrA

t
   where:                   (7) 

    C= capacitance 

    ℰr= relative permittivity 

    ℰo= vacuum permittivity 

    A= area 

    t= thickness 

 

If we substitute Equation (7) into Equation (6), we obtain the piezoelectric working equation in terms 

of voltage given in Equation (8). 
      

V= 
𝑑𝐹𝑡

ℰoℰrA
  where:                   (8) 

    V= voltage 

    d= piezoelectric coefficient 

    F= force 
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    t= thickness 

ℰr= relative permittivity 

    ℰo= vacuum permittivity 

    A= area 

2.2. Experimental Setup 

A vacuum cleaner was used to provide the airflow necessary to accelerate the flour particles. The 

piezoelectric sensor was not directly exposed to the particles. It was attached to a metal waveguide with 

a strong adhesive, and the metal waveguide was placed in the air flow pipe as shown in Figure 2 and 

Figure 4. For this purpose, the plastic part shown in Figure 3 was designed and then manufactured with 

the Creality Ender 5 Plus 3D printer. Plastic designs with dimensions of 35x35x40 cm could be produced 

with the Creality Ender 5 plus 3D printer. ABS type plastic material was used as raw material due to its 

suitable properties such as high-temperature resistance, lightness and flexibility.  

 

 
 

Figure 2. Schematic of experimental setup 

 

Figure 3. (b) shows the position where the piezoelectric element was glued to the metal waveguide 

and the position where the waveguide was placed on the plastic apparatus. As seen in Figure 4. (a) and 

Figure 4. (b), all components were placed in the air flow pipe.  

 

 
 

Figure 3. (a) Designed 3d printable plastic mounting apparatus (b) placement of piezoelectric element 

and metal waveguide on the mounting apparatus 
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Figure 4. (a) Placement of the plastic mounting apparatus on the air flow pipe (b) air flow pipe  

 

2.3. Data Acquisition Method 

Since the signals generated in the piezoelectric element because of the particles hitting the metal 

waveguide were weak, signals were first passed through the amplifier circuit. In addition to hardware 

filtering, a software bandpass filter was used to cut noise in the signal. Using a microcontroller, the analog 

signal was converted to digital data and stored in an SD card. The data taken to the computer via the SD 

card was analyzed using the MATLAB program and a program written in Python language. A diagram 

of this process is given in Figure 5. 

 

 
 

Figure 5. Data acquisition and analysis process chart 

 

The amplitude of the electrical signals received from the piezoelectric element was increased by 

passing through an amplifier circuit. For this process, Analog Devices' amplifier circuit is shown in Figure 

6 was used. Op-amp number U1A is a charge amplifier that converts the input current from the piezo 

element into voltage. The op-amp numbered U2A is a voltage amplifier with gain that can be adjusted 

with the R8 resistor. R6 and C8 elements in this circuit filter the output signal. 
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Figure 6. Signal Conditioning Circuit 

 

A Raspberry Pi Pico WH card having an RP2040 microcontroller was used to convert the analog signal 

to digital data and save it to the SD card. One of the 3 ADC (Analog-Digital Converter) pins on the card 

with a sampling rate of 500 ksps (kilo sample per second) at 12-bit resolution was used for this process. In 

each experiment, 15000 sample data were taken at 100 ksps and recorded on a microSD card using the SPI 

communication method and the connection diagram given in Figure 7. The value of 15000 pieces of data 

recorded on the SD card varies between 0-4095 since it has 12-bit resolution. That is, amplitude values 

between 0-3.3 V are scaled in the range 0-4095. DMA (Direct Memory Access) method was preferred to 

take uninterrupted samples in the ADC process. The data recorded on the SD card was transferred to a 

computer for analysis. Signals were analyzed by developing software in MATLAB signal analyzer app 

and python programming language. 

 

 
 

Figure 7. SPI communication connection between microSD card and microcontroller 

 

2.4. Sizing of Flour Particles by Sieve Machine  

A laboratory type sieve machine was used to sift the flour mixture to be used in the experiments and 

separate it into varied sizes. The whole wheat flour mixture was separated according to its size using the 

flour sifting machine shown in Figure 8. (a) and sieves of 80 µ, 118 µ, 150 µ, 180 µ and 212 µ sizes. The size 

ranges of the sifted flour particles are 0-80 µm, 80-118 µm, 118-150 µm, 150-180 µm and 180-212 µm. 
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Additionally, flour mixtures with intermediate values were obtained by mixing flour mixtures of similar 

sizes half and half. For example, an intermediate flour mixture was obtained by taking equal proportions 

of flours in the size range of 150-180 µ and 180-212 µ and mixing them homogeneously. As seen in Figure 

8. (b), flour mixtures placed in separate storage containers were used in the experiments. 

 

 
 

Figure 8. (a) Sifter machine and sieves (b) flour mixtures separated by sizes 

 

3. RESULTS  

Figure 9 shows the signal amplitudes generated in the piezoelectric element because of different sized 

flour particles hitting the waveguide at a speed of 10 m/s when the vacuum cleaner is used. The vertical 

axis shows the amplitude values scaled between 0-4095 due to ADC and the horizontal axis shows the 

number of samples.  

The values in the signals in the range of 0-4095 were scaled to the voltage range of 0-3.3 V and divided 

into threshold ranges of 0.16 V. A peak amplitude finding and counting algorithm was developed to 

examine how many peaks occur in the specified voltage ranges. Figure 10 shows the number of peak 

amplitudes corresponding to the voltage ranges. There are two important findings from the experiment. 

First, it was seen that with the proposed measurement technique, light particles such as wheat flour can 

produce amplitudes in the piezo element like the relatively heavy particles in other studies. The second 

result is that as the size of the flour particles increases, the amplitudes of the signals they produce also 

increase. This is expected. As the size, mass or speed of the particles increases, the impact force they create 

when they hit the waveguide will also increase. This will cause the voltage amplitudes generated by the 

piezoelectric element to increase. 

Experiments were also conducted at a speed of 20 m/s to investigate the effect of particle impact 

velocities on the produced signals. As seen in Figure 11, when particles in the same size range hit the 

waveguide at a speed of 20 m/s, the number of peak amplitudes in higher voltage ranges increases. For 

example, when the peak amplitude numbers created by flour particles in the size range of 180-212 µm at 

a speed of 20 m/s are examined, the peak amplitude numbers in the range of 0.16-0.80 V decrease, while 
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those in the range of 0.80-1.70 V increase. Similarly, for particles of other sizes, the peak amplitude 

numbers decrease in low voltage ranges and increase in high voltage ranges. 

 

 

 
 

Figure 9. (a) Signal amplitudes for 180-212 µm (b) signal amplitudes for 150-180 µm (c) signal 

amplitudes for 118-150 µm (d) signal amplitudes for 80-118 µm (e) signal amplitudes for 0-80 µm 
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Figure 10. Peak counts by voltage ranges at 10 m/s 

 

 
 

Figure 11. Peak counts by voltage ranges at 20 m/s 
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4. DISCUSSIONS 

The wheat flour particles used in the experiments were light particles, unlike the particles used in 

other studies such as salt, sand, glass dust, coal dust, aluminum dust. The most important feature of the 

study was that the sizes of light flour particles, especially in the range of 0-118 µm, could be measured 

with the proposed measurement technique. The counting results in Figure 11 were analyzed for a speed 

of 10 m/s, the voltage ranges with the highest counting values were accepted as thresholds and size 

classification was performed. Here, the voltage threshold values were decided as 0.00-0.16 V, 0.16-0.32 V, 

0.32-0.48 V, 0.48-0.64 V and 0.64-0.80 V for particle size ranges of 0-80 µm, 80-118 µm, 118-150 µm, 150-

180 µm and 180-212 µm, respectively. It was seen that the threshold values increase when the speed was 

20 m/s. Since the type of flour in industrial production was decided by the particles being within a certain 

size range, here five distinct size ranges of flour types were classified as 100% successful. In addition, it 

was thought that flour production in the desired size range could be achieved by calibrating the voltage 

threshold values according to the flow speed. Differences in waveguides, piezo elements, amplifier gains, 

flow rates, particle sizes and types make direct comparison with other studies difficult. In addition, signals 

have been analyzed from different perspectives such as peak width and frequency in some studies. 

However, the common result of all studies is that as the particle size and flow rate increases, the 

amplitudes of the signals produced also increase [27], [28], [29], [30], [31], [34], [35], [36], [37]. 

5. CONLUSIONS 

In this article, a piezoelectric-based pulse detection system was presented to instantly measure the 

size of light flour particles of varied sizes. The increase in amplitude values was measured due to the 

increase in particle sizes and impact speed. Using developed method, five types of flour mixtures were 

classified with 100% success. It was possible that this system could be applied to industry. 

In future studies, better results could be obtained by using metal waveguides and piezoelectric 

elements made of varied materials and with different geometric designs in the sensor structure. In signal 

analysis, it was predicted that more successful results could be obtained if amplitude duration analysis 

and frequency analysis were added in addition to amplitude level analysis. 
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