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Abstract


(1) Background: Currently, there is a problem of prompt determination of fat and protein content in the milk–air mixture of milking machines. (2) Methods: A design of a sensor prototype is proposed, combining measurements of light scattering (scatterometry) and fluorescence (fluorometry) to determine the component composition of the milk–air mixture formed during milking. (3) Results: An optical and electronic circuit of a flow sensor has been developed, using four sources of optical radiation: blue, green and red semiconductor lasers (light scattering in milk) and a UV LED (milk fluorescence), as well as an axial photodiode array for recording the light scattering indicatrix and the fluorescence intensity of the milk–air mixture. The use of three laser sources in the scatterometric circuit allows for the determination of the fat content in milk with an error of 0.05%, which is better than all currently known analogs. The developed sensor enables the detection of counterfeit milk containing palm oil instead of milk fat. It operates reliably in a temperature range of 5–35 °C and at milk flow rates of up to 100 mL/sec. (4) Conclusions: The sensor is capable of transmitting real-time data on the fat and protein content of milk to an RS-232 serial port, enabling integration into milking robots and automated milking systems.
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1. Introduction


Milk is a biological fluid, a product of normal physiological secretion of the mammary glands of female mammals, produced during lactation [1]. Evolutionarily and physiologically, milk is intended for breastfeeding and nutrition [2]. Milk is an aqueous (86–88% water) colloid containing fats (3–6%), proteins (2–4% with the highest percentage of casein), lactose (3–6%) and mineral salts [3,4,5]. From the point of view of the interaction of milk components with optical radiation, milk is a multicomponent dispersed highly scattering medium [6]. The market value of milk depends mainly on the fat and protein content [7]. Rapid analysis [8,9] of the percentage content of these milk components, as well as lactose, amino acids, progesterone, and microbiological impurities, provides the necessary information to assess milk quality indicators, which in turn makes it possible to adjust the feed balance for cows and diagnose their clinical condition [10].



Rapid quantitative assessment of milk composition can be performed using various methods [11]. In particular, milk analyzers based on Fourier transform infrared spectroscopy (FTIR) exist; these analyzers are very expensive and typically bulky [12]. In addition to FTIR systems, less expensive and more compact near-infrared (NIR) spectroscopic milk analyzers are increasingly being used [13]. These methods allow one to determine the concentration of both fat and protein in milk. While their accuracy is quite high, they do not allow for flow measurements, and measuring a single sample takes a long time (tens of seconds) and requires expensive equipment (e.g., 10,000 USD). A separate category of methods allows one to measure only the protein concentration in milk—the Bretford, Kjeldahl, Lowry, and other methods. These methods require complex sample preparation and a long measurement time (tens of minutes) for a single sample. Compared with spectroscopic instruments, devices based on light scattering (scatterometric devices) offer a number of important advantages. Such devices can be made smaller and more compact. They do not contain expensive components, meaning they can be manufactured inexpensively. Measuring scatterometric parameters is a relatively fast process, meaning such devices can obtain information in real time. At the same time, scatterometric measurement technology is scalable in complexity, and there are also sophisticated scatterometric solutions, such as photon density wave spectroscopy (PDW) [14], which allow obtaining additional information, for example, particle size distribution in highly scattering media. Our proposed approach is similar to static multiple light scattering (SMLS) [15], but is specifically tailored for working with milk flow in milking systems and for determining the concentration of scattering particles. Previously, our team developed a milk fat analyzer based on single scattering; such an analyzer could not work with whole milk, and it was necessary to dilute the milk with deionized water before measurement [16]. To date, several devices have been proposed that use scatterometry to determine the fat content of whole milk [17,18,19], as well as the detection of somatic cells as an indicator of mastitis, even under difficult conditions such as milk–air mixtures [20]. Unfortunately, the margin of error of currently known solutions for determining the milk fat content in a milk–air mixture passing through milking systems is at least 0.2%, which is clearly insufficient. The objective of developing the proposed device was to ensure its integration at the milking machine level and to keep the cost of the solution at the level of 300 USD, which was achieved. This study proposes a new approach to diagnosing the particle composition of milk, based on the analysis of light scattering from three independent radiation sources of different wavelengths. This approach, despite slightly increasing the analysis time to 50 s per measurement period (10 s each for the three lasers, UV diode, and background), significantly increased the information yield of the measurement, allowing for the detection of not only milk fat concentration but also the content of other scattering particles. While maintaining the ability to analyze the profile of these parameters’ changes during milking, allowing for approximately 20 individual measurements. The sensor integrates a developed solution that detects the fluorescent signal from protein molecules, which also enables the measurement of milk protein concentration.




2. Materials and Methods


2.1. Sensor


The experimental setup of a laser scatterometer with three wavelengths of radiation is shown in Figure 1. The device is a laboratory prototype for refining the optical and electronic recording circuitry. It offers ample room for future upgrades, including the ability to use digital filters to address the issue of measurement interruptions when passing air pockets. Serious oversampling is provided for this purpose. The primary requirement for lasers is output power stability, as the measurement algorithm sequentially polls photodiodes when changing wavelengths and then compares levels. We use a standard LRS-350-12 power supply (Mean Well Enterprises Co., Ltd., New Taipei City, Taiwan); the device’s consumption does not exceed 1 A DC. The device’s operating time is limited only by internal contamination of the cuvette. Milk tends to accumulate components on the walls of milk pipelines and other fittings. However, in food production, periodic flushing is required using appropriate Clean-In-Place systems. Radiation from three semiconductor laser diodes of blue, green and red colors (numbers 1–3 in Figure 1A) is combined into one optical path using dichroic mirrors (numbers 4–5 in Figure 1A) and irradiates a cuvette (number 6 in Figure 1A) with the suspension under study in sequential mode. The cuvette is a transparent cylindrical quartz tube (outer diameter of 15 mm and wall thickness of 1 mm). The ends of the tube are terminated with fittings for connecting milk hoses. The angular distribution of the scattered light intensity is recorded using eight photodiodes (numbers 7–14 in Figure 1A), arranged circumferentially at 18° angular increments. The positions between LEDs 9 and 10, as well as 12 and 13, are left empty for the installation of additional light sources, but this does not affect the evaluation of the measured parameters. As a result, three groups of photodiodes are formed: forward (0° and 18°), side scattering (54°, 72°, and 90°), and back scattering (126°, 144°, and 162°). Before reaching the photodiodes, the scattered light field is limited by 1 mm wide rectangular diaphragms made in a plastic ring. The photodiodes operate in photoconductive mode. When measuring the protein content, an ultraviolet LED with an emission wavelength of 280 nm (number 15 in Figure 1A) is turned on, irradiating the measuring cuvette. The luminescence intensity is recorded by the closest photodiode (number 12 in Figure 1A). The LED photocurrent is amplified using a transimpedance amplifier based on the OP482 op amp (Texas Instruments Incorporated, Dallas, TX, USA). After amplification, the photodiode signals are converted to digital form using an E14-140 ADC (L-Card, Moscow, Russia) module, which has a single analog-to-digital converter paired with an eight-channel multiplexer. The analog-to-digital converter’s sampling frequency is 100 kHz. After the multiplexer, each of the eight channels is digitized at a frequency of 100/8 = 12.5 kHz. Ten seconds of sample exposure to each laser produces 125,000 digitized measurements, which are filtered and averaged. The 10 s laser illumination period is chosen so that 3–5 milking periods occur in a standard automatic milking system, and the same number of milk filling and air pocket clearance periods occur in the milk pipeline. This should allow for the subsequent elimination of air pockets using a digital filtration system. Figure 1B shows a cross-sectional view of the sensor.




2.2. Operating Algorithm


Figure 2 shows the electronic circuit diagram of a flow-through sensor for determining fat and protein content in milk. It consists of a bipolar power supply system based on DC-DC converter DC1, transimpedance photocurrent amplifiers based on phased amplifiers IC1 and IC2, light source current regulators based on IC3-IC6 microcircuits, and FET light source control drivers T1 and T2. Connectors X1 and X3 are used to connect to the analog and digital lines of the L-Card L-14-440 (OOO L-card, Moscow, Russia) acquisition unit. The laser diode illumination control signals are generated by the digital outputs of the E14-140 TTL ADC. The measurement sequence in fat content determination mode is as follows: (1) no light, (2) only the red laser diode is illuminated, (3) only the green laser diode is illuminated, (4) only the blue laser diode is illuminated. The ignition time of each diode is 10 s. The entire measurement period is 40 s. During the illumination time of each LED, approximately 125,000 measurements are obtained. The sample time series is first filtered with a median filter with a window length of 16 to exclude outliers. Then, the data were averaged to increase measurement accuracy. The measurement sequence in protein content determination mode is as follows: (1) no light, (2) the ultraviolet LED is illuminated. The diode ignition time is 10 s. The entire measurement period is 20 s. During the LED’s illumination time, approximately 8000 measurements are taken, which are first filtered with a median filter with a window length of 4 and then averaged to improve measurement accuracy. It was decided to reduce the sampling frequency, since the fluorescence measurement actually occurs in a fairly thin film, which remains on the cuvette stacks throughout the entire measurement time, and air bubbles and foaming do not interfere as much as when recording scattering. The high sampling rate for scatterometer data obtaining will allow future data filtering to address artifacts caused by air pockets in the milk line. Obtaining “dark” data allows for compensation for external light pollution by subtracting the “dark” values from the values obtained during illumination of the corresponding laser diode. The resulting scattered light data is then used to estimate milk fat content using a personal computer program.




2.3. Milk Sources


Commercially available, fat-standardized, ultra-pasteurized, homogenized milk samples from different manufacturers with 1% and 6% fat content were used as samples for comparing the performance of the proposed measuring device. Five samples from different batches of Tetrapak milk were used. Intermediate concentrations were obtained by mixing these samples. Cream with a 10% fat content was also purchased in ultra-pasteurized form. Fresh milk of the Kholmogory breed was also used in some experiments.



Mixtures of pure milk fat, casein protein, lactose, and saline solution were used as reference samples. Milk fat samples were isolated from whole milk by centrifugation at 3500 rpm with a rotor radius of 12.5 cm and a run time of 30 min. α-Casein from cow’s milk (Sigma-Aldrich, St. Louis, MI, USA) and lactose monohydrate (CDH, New Delhi, India) were also used as reference samples in the experiments. The initial concentrations of fat, protein, and lactose in the calibration colloids and solutions were determined by weighing. Fat and proteins were sonicated. Micelle size was monitored using Malvern Red Label dynamic light scattering (Malvern Panalytical, Malvern, UK).




2.4. Auxiliary Equipment


To simulate milk flow in real milk pipelines, a 2 L thermostatic tank (CYY-2, Shenzhen, China) was used, connected to an electric pump. Milk consumption was determined using the volumetric method based on the time it took to fill a 1 L measuring cylinder. A hose from the electric pump was inserted into the inlet of the developed sensor. After passing the sensor, milk returned to the thermostatic tank. Milk flowed through the system at velocities ranging from 0 to 120 mL/s. An 8300 fluorimeter (Jasco, Tokyo, Japan) with a shutter was used to create 3D fluorescence maps. Approximately 3 mL of milk was analyzed at a time. Milk fat content and protein content were determined using a Lactan 600 Ultra (extended) milk quality analyzer (OOO VPK Sibagro pribor, Novosibirsk, Russia). Modifications were made to the transducer and receiver. The device’s reproducibility for measuring both fat and protein is approximately 0.01%. The device’s accuracy was monitored using standard solutions. A Sibir 2-PL electric separator (Omsk Separator Plant, Omsk, Russia) was used for milk separation.




2.5. Statistical Data Analysis and Visualization


The results on the graphs are presented as mean values. In some cases, in the form of mean and standard errors of the mean. The number of independent repetitions is at least five. By independent repetition, we mean the result of an experiment on samples manufactured de novo.





3. Results


3.1. Measuring Fat Content in Milk


Light scattering characteristics in a milk cuvette were determined using the scattered light intensity function measured at different angles, i.e., the scattering indicatrix. The angle was determined between the laser beam direction and the line from the center of the cuvette to the detector window. The scattering indicatrices were measured for commercially available cow’s milk samples with fat contents of 1.0%, 1.5%, 3.5%, 6.0%, and 10%, respectively. Three probe laser diodes with wavelengths of 450, 532, and 625 nm were used. The laser beam passed through the center of the milk cuvette. An axial array of photodiodes surrounded the cuvette, positioned at angles to the laser beam axis (0°, 18°, 54°, 72°, 90°, 126°, 144°, and 162°). Milk of varying fat content was placed in the cuvette without milk flow. It was found that the scattered radiation intensity decreases with decreasing scattering angle. Given that weak scattering theory is not valid in this case, as milk is a highly scattering medium for radiation propagation, this dependence is more accurately described as follows: the radiation intensity decreases with increasing distance from the radiation entry point into the sample. Moreover, this dependence is linear for the logarithm of the photocurrent.



Figure 3 shows the scattered radiation indicatrix diagrams for the logarithms of the scattered radiation for milk samples containing different fat concentrations. It was found that the scattered radiation intensity when probing the samples with a red laser is significantly higher than when probing with blue or green light. Also noteworthy is the lower selectivity (the range of measurements between milk samples with different fat contents) when irradiating the sample with a blue laser.



The slope of the scattering indicatrix was approximated using the least-squares method, yielding the following relationship:


  L o g     I   i     α     =   α x   i   + b  



(1)




where Ii(α) is the photocurrent of a photodiode positioned at angle α when illuminated by light source number i (i = 1–3 for red, green, and blue lasers, respectively); xi is the slope of the scattering indicatrix, which characterizes the fat content of the milk; and b is the offset, which can be eliminated by appropriate normalization of the photodiode signals.



Figure 4A shows the slope of the logarithmic scattering indicatrix in milk with different fat contents when probed with laser sources with wavelengths of 450, 532, and 625 nm. It was found that, when probing milk with different lasers, instability in the obtained results increases in the order red laser, green laser, and blue laser. The standard errors of the mean for red laser probing are at least four times smaller than for blue laser probing. Overall, the slope of the scatter plot increases approximately sixfold as fat content increases from 0 to 6%.



The dependence of the scattering indicatrix slope on milk fat content can be linearized. In this study, the simplest linearization approach was used. The hyperbolic function was


yi = 1/(A − xi)



(2)




where xi is the slope of the scattering indicatrix for the i-th radiation source, i = 1–3 for the red, green, and blue lasers, respectively; yi is the linearized estimator parameter for the i-th radiation source. It was found that, when probing with all studied laser diode types, a linearization of the parameters obtained on the experimental setup versus milk fat content was observed (Figure 4B). Moreover, the hyperbolic parameter had the same value, A = 0.026, for all tested laser diode wavelengths, indicating its dependence on the experimental setup geometry, cuvette diameter, and photodiode sensitivity, but not on the scattering conditions in the sample. The dependence of the parameter yi on the fat content of milk can be expressed as a linear relationship:


    y   i   =   f B   i   +   C   i    



(3)




where f is the fat content of milk in percent, and Bi and Ci are wavelength-dependent linearization parameters. The dependence of the parameters on the wavelength of the probing radiation is shown in Table 1.



The fat-independent regression offset parameter Ci is the scattering parameter in milk at zero fat content, meaning it is determined by scattering and absorption in proteins, cells, and other particles, excluding fat in the milk suspension. It can be seen that this parameter decreases with decreasing wavelength, indicating a decrease in scattering and, therefore, a shift away from maximum scattering, i.e., the size of non-fat scattering particles is larger than the wavelength of the probing radiation.



Overall, using a single laser module, the error of determining the fat concentration in the milk–air mixture is less than 0.2%. Using all three laser modules, the reproducibility of determining the fat concentration is approximately 0.05%, which is better than all currently known analogs. Figure 4B does not show values for 10% fat, as at this fat content, a significant deviation from linearization is observed (the values are smaller than expected). Overall, the function can be linearized with the required accuracy only for the red laser. The observed lower values for samples with a fat concentration of 10% indicate that the decrease in the relative number of scattering particles in the high-fat product may be due to the larger size of the fat particles. However, a fat concentration of 10% is significantly higher than the fat range of unprocessed cow’s milk and was used as a test of the upper limit of fat content measurement by the sensor.



The proposed method for assessing milk fat content based on the optical properties of the scattering medium enables the detection of particles of various sizes in suspension, making it possible to detect the addition of foreign components, vegetable fats, and cellular contamination to milk. A series of experiments was conducted in which the fat concentration in milk was measured using the developed sensor. The results obtained by probing the samples with blue, green, and red laser radiation are presented (Figure 5).



It is shown that whole milk with a nominal fat content of 3.5% is defined as milk with a fat content of 3.5% when probing at all wavelengths. After passing whole milk through a separator equipped with 9 of 12 separation plates, approximately 1% fat remains in the milk, which is also confirmed by probing at all wavelengths. When adding palm oil to skimmed milk containing approximately 1% fat to achieve a final fat concentration of 3.5%, significant deviations from the nominal value were observed. It should be noted that palm oil was dispersed in the milk using ultrasound while heating slowly, after which the resulting milk product was left to settle for an hour. When determining the fat content of milk with added palm oil using a blue laser, the sensor indicated a fat content of 3.3%, which is generally close to the nominal value. However, when determining the fat content using a green laser, the sensor determined a fat content of 2.5% in milk with added palm oil. When using a red laser, the sensor indicated a fat content of less than 2%, demonstrating a monotonic dependence of the fat determination error. It cannot be ruled out that the obtained results are due to a suboptimal fat transfer system into the milk. Therefore, a series of experiments was conducted in which separated milk fat was added to milk that had passed through a separator to achieve a final concentration of 3.5%. It was found that in milk that has passed through a separator with subsequent addition of milk fat to a final concentration of 3.5%, the sensor detects 3.47–3.48%.



Under real-life dairy farm conditions, milk temperature in hoses and pipelines can vary significantly at different times of year or with different room process parameters. The effect of temperature on milk fat content sensor readings was studied over a temperature range of 5–35 °C (Figure 6A). Measurements were conducted using milk with a fat content of 3.5%. It was shown that milk fat sensor readings tend to increase with increasing temperature. Moreover, sensor readings vary by just over 1% over temperature changes from 5 to 35 °C. The average change in sensor readings is approximately 0.0013%/°C. It can be assumed that temperature has an insignificant effect on the measured milk fat content.




3.2. Measuring Milk Protein Content


Under real-world conditions, milk in hoses and pipelines is constantly moving. The effect of milk flow rate on milk fat sensor readings was studied (Figure 6B). Milk flow rate through the sensor varied in the range of 0–120 mL/s. Sensor readings were measured for 2 min at each flow rate. Five cycles of all flow rates within the range were conducted. It was shown that changing milk flow rate in the range of 0–120 mL/s does not significantly affect the measured parameter. However, with increasing flow rate, a tendency for the standard errors of the mean to increase was observed.



The fluorescence of milk fat, α-casein, and lactose—the main components of milk—was studied (Figure 7). Only casein and milk fat were found to exhibit intense fluorescence. Lactose did not exhibit fluorescence. The milk fat fluorescence region corresponded to excitations with wavelengths of 300–330 nm, with emission observed at wavelengths of 370–490 nm. The casein fluorescence region corresponded to excitations with wavelengths of 270–285 nm, with emission observed at wavelengths of 305–400 nm. It was shown that the fluorescence maxima of milk fats and milk proteins do not overlap in the spectral range. The overlap in the total intensities of the fluorescence regions is no more than 0.03. Thus, direct measurement of milk proteins is possible using fluorescence signal scattering.



The fluorescence of several milk samples with known fat and protein contents was studied (Figure 8). Casein is clearly visible in the milk samples. All maps show a fluorescence scattering region with coordinates λex 270–285 nm and λem 305–400 nm. With increasing protein concentration, the casein fluorescence intensity increases. The fluorescence region characteristic of fat molecules is difficult to discern in all fluorescence maps, although it is present. Several “minor” fluorescence maxima are also detected under long-wavelength excitation. These fluorescence maxima have coordinates λem/λex = 411/330 nm, λem/λex = 533/370 nm, and λem/λex = 533/445 nm. The intensity of these fluorescence scattering maxima is approximately one order of magnitude lower than the fluorescence intensity of milk protein.



The effect of milk protein concentration on the fluorescence signal intensity with coordinates λex 280 nm and λem 333 nm was studied. The same milk samples as in Figure 8 (Figure 9A) were measured. It was shown that the fluorescence intensity recorded by the sensor is linearly dependent on the milk protein concentration. The resulting data points are linearized by the following equation:


y = 273x + 136



(4)




where y is the normalized fluorescence intensity (in arbitrary units), and x is the protein concentration (in mass %). Comparative tests were conducted in which milk with a known protein concentration was diluted with water by 2, 4, 16, and 32 times (Figure 9, yellow dots). It was shown that the milk protein concentration detected by the sensor decreases linearly with each dilution. In general, the function can be described by the linear equation:


y = x



(5)




where x is the milk protein concentration (in mass %) measured by the reference instrument, and y is the protein concentration (in mass %) measured by the developed sensor. Also shown in Figure 9 are the points representing the measured protein concentration in raw milk, shown in green. Overall, the error of milk protein concentration determination is no more than 0.12%.



The effect of temperature on the protein concentration measured by the sensor was studied (Figure 10A). Measurements were conducted on milk with a casein content of 3.74%. It was shown that temperatures in the range of 5–35 °C do not affect the casein content measured by the sensor, nor does it affect the accuracy of this measurement.



Milk in hoses and pipelines is typically in motion, not stationary. The effect of milk flow rate on the protein content determined by the sensor was studied (Figure 10B). Milk flow rate through the sensor was varied in the range of 0–120 mL/s. Sensor readings were recorded for 1 min at each milk flow rate. Three cycles of all flow rates in the studied range were conducted. It was shown that changing milk flow rate in the range of 0–120 mL/s does not significantly affect the determined casein content in the milk. At the same time, with increasing speed, there is a tendency for the standard errors of the mean to increase; in other words, with increasing speed, the number of incorrect detections increases.





4. Discussion


Optical (Figure 1) and electronic (Figure 2) circuits of the fluorescence–scatterometric four-wave flow sensor have been developed, which allow for a comprehensive analysis of milk in real time: to determine with high accuracy the content of fat and protein in the milk–air mixture, while differences in the results of assessing the parameters of light scattering at different wavelengths indicate the possibility of assessing the size of scattering particles. It has been established that the scattered radiation intensity when probing samples with red laser is significantly higher than when probing with green light, and higher for green than for blue (Figure 3). This is presumably due to the higher sensitivity of the FD263-01 silicon photodiode (Figure 2) in the red spectral region. Furthermore, lower selectivity has been demonstrated when irradiating the sample with blue and green lasers, compared to a red laser, as well as a wider range of measurements between milk samples with different fat contents (Figure 4). Importantly, in the linearization model, parameter A remains constant for all probing wavelengths (Table 1). This means that this parameter does not depend on the scattering conditions in the milk sample, while the parameter can be affected by the geometry of the experimental setup and cuvette, as well as possibly the sensitivity of the photodiodes.



It is known from the literature that milk contains fat micelles with sizes ranging from 0.1 to 15 μm [21]. In this case, two micelle fractions dominate in the size distribution: relatively small with characteristic sizes of 0.1–0.2 μm and relatively large with characteristic sizes of 2–4 μm [22]. It should be noted that the number of relatively large fat micelles in milk is 2–4 orders of magnitude smaller than that of small micelles [22]. The main contribution to the scattering of visible light by milk is made by relatively small micelles; however, the contribution to the overall scattering intensity of relatively large fat micelles is noticeable [23]. Casein is a collective name for several milk phosphoproteins with similar structures [24]. In the presence of hydrated calcium ions, casein molecules form primary casein spherical micelles with a size of approximately 0.01 μm [25]. Such casein micelles often aggregate into larger secondary micelles [26]. These micelles can have various shapes, but the packing in such micelles is quite dense, and the average size is approximately 0.1 μm [27]. These figures indicate a possible better correspondence between the wavelength of the red (long-wave) source and at least the size of fat particles in milk.



It is known that with increasing fat content in milk, the size of the relatively large fraction of fat micelles can increase [28]. In our experiments, the slope of the logarithm of the scattering indicatrix is most sensitive when estimating the slope at small scattering angles (Figure 3). This indicates a deviation of the scattering model in the case of significantly different fat particle sizes. An important consequence of this fact is the possibility of using the sensor we developed to detect and determine the concentration of counterfeit impurities, such as palm oil (Figure 5). It is known from the literature that optical circuits based on recording the intensity of scattered radiation in milk can detect even larger impurities, such as somatic cells (approximately 20 µm in size) in mastitis [29].



It was found that the fat content of milk, recorded by the sensor, tends to increase with increasing temperature from 5 to 35 °C (Figure 6A). This process is clearly unrelated to the operation of the electronics, as electronic components do not change their temperature. It is also clearly unrelated to the actual fat content of the milk, as the same milk was used at all temperatures in a single experiment. It is likely that changes in temperature lead to changes in the fat micelles and their size distribution [30]. Previously, it was suggested in the literature that the size of lipid micelles should decrease with increasing temperature; similar data exist for casein micelles [31]. The phenomenon of decreasing aggregate size is likely based on an increase in the critical micelle concentration with increasing temperature [32]. This also leads to another conclusion: that the size distribution of fats does not change with milk flow rate (Figure 6B).



The fluorescence of the main components of milk was studied. It was found that α-casein fluorescence does not overlap with the fluorescence of milk fat (Figure 7). In addition, the quantum yield of casein molecules upon excitation is significantly higher than the quantum yield of milk fat components (Figure 8). The characteristic range of casein fluorescence emission is ~305–400 nm, which is due to the presence of aromatic amino acids [33]. For the developed sensor, this means that the fluorescence intensity in this spectral range can be measured by axial photodiodes used to record light scattering from fat micelles. Importantly, the fluorescence intensity is linearly dependent on the concentration of casein in milk (Figure 9). Moreover, the fluorescence intensity function is linearly dependent on the concentration of casein and intersects the ordinate axis just above zero (Figure 9A). When milk is diluted with water, a similar function passes through the coordinates (0;0) (Figure 9B). These two cases differ only in the concentration of fat in the milk. This means that the fat content in milk has, albeit insignificantly, an effect on the determination of protein concentration.



Tryptophan has the most significant fluorescence intensity compared to other aromatic amino acids (tyrosine and phenylalanine) [34]. With changing temperature, the tryptophan fluorescence maximum shifts somewhat toward the long-wavelength region [35,36]. The quantum yield of tryptophan in the temperature range of 5–35 °C changes insignificantly [37]. Moreover, the fluorescence intensity of tryptophan in the protein molecule can both increase and decrease with increasing temperature [38,39,40]. Casein, apparently, does not significantly change fluorescence intensity with changing temperature in the range of 5–35 °C (Figure 10A). The milk flow rate through the sensor in the range of 0–120 mL/s also has little effect on the protein content determined by the sensor (Figure 10B).



The design challenge of the milking machine is the alternation of four main modes in the milk tract: a solid milk section, virtually free of air, a milk–air mixture, an air lock, and then a milk–air mixture again. The frequency of these modes is approximately once every 2 s. This alternation of the sample modes in the optical cuvette allows measurements to be taken only while the milk line is completely filled with milk. We believe the high data acquisition rate will enable us to filter out these issues and conduct accurate measurements using digital signal processing. In the presented device, the sampling rate is set at 12.5 kHz, which allows for a clear description of the dynamics of scattering parameters and allows us to select the optimal correction strategy for measurements with an air–milk mixture.




5. Conclusions


A sensor (Figure 11) has been developed for the rapid monitoring of fat and protein content in milk. It combines light scattering (scatterometry) and fluorescence (fluorometry) measurements. The sensor is a relatively inexpensive, compact, digital device that determines the fat and protein content of milk in real time. The sensor is capable of transmitting real-time data on fat and protein content to an RS-232 serial port, enabling integration into milking robots and automated milking systems.
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Figure 1. Flow sensor for determining the fat and protein content in milk. (A) Schematic diagram of the experimental setup for the laser scatterometer with three radiation wavelengths. Scale is shown in millimeters. The numbers indicate the following: 1—red laser with a wavelength of 625 nm and a power of 5 mW. 2—green laser with wavelength of 532 nm and power of 5 mW. 3—blue laser with wavelength of 450 nm and power of 5 mW. 4—dichroic mirror with a separation wavelength of 580 nm. 5—band dichroic mirror with a reflection wavelength of 540 nm (band width 25 nm). 6—cylindrical cuvette with an outer diameter of 15 mm, wall thickness of 1 mm, made of fused quartz. 7–14—silicon photodiodes FD263-01. 15—UV LED with an emission wavelength of 280 nm. (B) External appearance of the flow sensor for determining the fat and protein content in milk. 
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Figure 2. Electronic circuit diagram of the flow sensor for determining the fat and protein content in milk. IC1 and IC2 are operational amplifiers of the current-to-voltage converters (transimpedance amplifiers). IC3-IC6 are current stabilizers of the laser diodes and UV LED. T1 and T2 are dual FET transistors for controlling light sources. D1-D8 are photodiodes. X1 and X3 are connectors for connecting analog (X1) and digital (X3) lines to the L-Card E14-440 ADC. DC1 is a DC-DC converter that converts 5 V to a bipolar voltage of ±12 V for powering the analog amplifiers. The In +12 V line is connected to an external 12 V, 2 A power supply. * The asterisk indicates that the indicated resistance values are approximate and can be replaced based on the results of testing and calibration in case of overload of the transimpedance amplifier. 
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Figure 3. Scattering indicatrices measured for milk samples with nominal fat contents of 1.0%, 1.5%, 3.5%, 6%, and 10% at 20 °C. The milk has zero flow velocity (stationary). The indicatrices are presented on a logarithmic scale. The wavelength of the probing laser light is 450 nm (A), 532 nm (B), and 625 nm (C). Data are presented as mean values ± standard error of the mean. N = 5. The standard error of the mean for the logarithm of the scattering intensity is less than 0.02 (not visible behind the dots). Each point on the graphs is based on three independent repetitions. 
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Figure 4. Chart of the logarithmic scattering function in milk with different fat contents when probed with laser sources with wavelengths of 450, 532, and 625 nm. (A) Dependence of the slope of the logarithmic scattering function (in the angular range of 72–162°) on the fat content of milk. (B) Linearization of the slope of the logarithmic scattering function on the fat content of milk. Data are presented as mean values ± standard error of the mean. N = 5. 
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Figure 5. Measuring the fat concentration in milk using the developed sensor. The results obtained by probing the samples with blue, green and red laser beams are presented. Measured samples: 1. Whole milk; 2. Separated milk; 3. Separated milk with added palm oil to a final fat concentration of 3.5%; 4. Separated milk with added milk fat to a final concentration of 3.5%. Data are presented as mean values ± standard error of the mean. N = 5. 
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Figure 6. Sensor readings as a function of milk temperature (A) and milk flow through the measuring cuvette at different speeds (B). Probing with a 625 nm laser source. Nominal milk fat content is 3.5%. Data are presented as mean values ± standard error of the mean. N = 5. 
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Figure 7. 3D fluorescence maps of α-casein (A), milk fat (B) and lactose (C). 
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Figure 8. 3D fluorescence maps of milk containing 1.0% fat and 3.17% protein (A), 3.5% fat and 3.61% protein (B), and 6.0% fat and 4.43% protein (C). ✩—maximum fluorescence intensity, numbers indicate emission and excitation wavelengths. 
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Figure 9. Dependence of the maximum fluorescence intensity of casein on its concentration in milk. (A) Intensity of the maximum fluorescence of milk with different casein concentrations from Figure 8, measured by the developed sensor. (B) Intensity of the maximum fluorescence of milk, depending on the degree of its dilution with water. Yellow dots represent different protein concentrations obtained by diluting the same milk samples with water. Green dots represent different milk samples from the same batch. Measured values obtained by the developed sensor. The original milk is taken as 100%. N = 5. 
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Figure 10. The influence of external conditions on the protein concentration measured by the sensor. Sensor readings as a function of milk temperature (A) and milk flow rate through the measuring cuvette (B). 
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Figure 11. Photograph of the working sensor prototype with connected transimpedance amplifier (black block) and an analog-to-digital converter (white block). 
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Table 1. Dependence of linearization parameters on the wavelength of probing radiation.
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	Parameters
	Blue
	Green
	Red





	A
	0.026
	0.026
	0.026



	B
	110.9
	50.3
	14.6



	C
	27.3
	48.5
	66.6
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