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Abstract: The growing need for innovative solutions for the precise measurement of variables in 
dehydration processes has driven the development of advanced measurement technologies and 
instrumentation techniques. This study focuses on the evaluation of a measurement system in a 
rotary dryer used to dehydrate carrots with an initial water content of 85% at an operating 
temperature of 70°C. The system employs the Arduino platform, strain gauges, and LM35 
temperature sensors as primary sensors, known for their high sensitivity. Experimental tests were 
designed to evaluate the performance of the dryer, using initial carrot quantities of 1.5 kg, 1.0 kg, and 
0.5 kg. The key innovation lies in the integration of a signal conditioning system applying fuzzy logic, 
designed in MATLAB and programmed into Arduino. The dryer reduces the water content of the 
product to a final average of 10%. The highest efficiency in dehydration rate was observed in the 
experiment with a 0.5 kg carrot load. The best utilization of transferred heat in the dryer was recorded 
when dehydrating 1.5 kg of carrots. The results demonstrate the feasibility of the proposed sensing 
system and highlight its potential application in various fields requiring high precision dehydration 
parameter measurements. 

Keywords: strain gauges; LM35; MATLAB; Arduino; fuzzy logic 
 

1. Introduction 

Drying is a post-harvest method that removes moisture from products to ensure their viability 
for consumption and can improve their quality or produce changes in the product composition due 
to exposure to high temperatures [1,2]. This process helps extend the shelf life of food and prevents 
the growth of bacteria that can lead to spoilage [3]. To increase the efficiency of food dehydration, 
dryers can use machine learning algorithms to estimate drying characteristics [4] 

Rotary dryers are essential in the food industry due to their ability to preserve, reduce costs, 
improve quality, and increase the sustainability of food processing. Real time direct monitoring of 
the product's weight loss, temperature control, and rotational speed of the dryer during the 
dehydration process reduces monetary and energy losses. Currently, the instrumentation of such 
systems halts the process to weigh the dehydrated product, measure the temperature, and adjust the 
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rotational speed of the rotary dryer. This results in delays in the drying time as the process is 
continuously stopped to perform measurements, which in turn causes moisture absorption in the 
samples due to exposure to the environment [5]. 

This research arises from the need to continuously quantify the weight loss of a food product 
and the temperature inside a rotary dryer, as well as regulate the rotational speed of the dryer. It 
focuses on the development of a system for rotary dryers with instrumentation that takes advantage 
of the Arduino platform, calibration of strain gauges and temperature sensors with fuzzy logic, as 
well as the implementation of motor speed control for the rotary dryer using pulse width modulation. 
The instrumentation of the rotary dryer contributes to the development of new technological tools to 
minimize physical workloads during operations and helps reduce manual tasks during working 
hours [6]. 

The drying time of a product can also depend on the size of the particles to be dehydrated, as 
well as the temperature and airspeed generated by a fan to propagate energy in the dryer [7]. In the 
heat transfer process, there is a temperature difference between two fluids, implemented through a 
heat exchanger [8]. The thermal energy consumption in the food dehydration process represents 
approximately 60% of the total energy consumption in the entire production process, as seen in 
tobacco [9]. 

Rotary dryers have the shape of a continuously rotating cylinder that acquires heat from an 
energy source. This model is widely implemented in various processes in industries for granular 
products. At the same time, rotary dryers have been improved for efficient applications in the 
construction industry, as well as in the chemical industry, fertilizer production, and other sectors [10–
12]. 

Rotary dryers provide uniform drying, have low maintenance costs, and consume between 15% 
and 30% less energy in terms of specific energy [13]. The drying of biomass in a rotary dryer becomes 
more efficient as the diameter of the design decreases, which implies a narrower and longer drum 
[14]. 

Signal conditioning is essential to ensure accurate measurements in the drying process, and the 
obtained values help optimize a fuzzy logic control system [15]. The use of fuzzy systems in 
metrology offers the possibility to address variations in environmental conditions and changes in the 
load to be measured. This intelligent approach allows the rotary dryer system to automatically adjust, 
improving the stability and accuracy of the measurements [16]. 

The methodology developed in this research significantly contributes to the advancement of 
metrology by providing new perspectives for the implementation of intelligent, cost-effective, and 
reliable sensing systems that can improve the overall quality of dehydrated products [17]. 
Furthermore, in the drying process, it is essential to control parameters such as moisture content and 
temperature [18]. Due to the lack of control and instrumentation, drying results tend to be 
inconsistent and unsuitable for products that require specific conditions. For this reason, innovative 
models focused on the control of rotary dryers have been proposed [19]. Advanced dehydration 
methods are necessary to minimize post-harvest losses and ensure better preservation and quality of 
food and other dried products [20]. Studies on dehydration processes are more innovative when they 
include user collaboration and are tailored to meet the needs of farmers in their region [21,22]. 

2. Materials and Methods 

This study was conducted at the TecNM in Celaya, Guanajuato, between November 2023 and 
October 2024. The research focuses on carrots grown in the state of Guanajuato, Mexico. The carrots 
had a moisture content of 85% and were selected based on their maturity stage. The carrots exhibited 
a consistent color and showed no imperfections or damage. Data from the dehydration experiment 
were collected using a rotary dryer, and the signal was conditioned with a fuzzy system. 
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2.1. Rotary Dryer 

Carrots were used, collected directly from farms in the Guanajuato region of Celaya. The 
vegetables used were semi-washed carrots after harvest. The samples were stored at 5 ± 0.5 °C under 
refrigeration conditions until their next processing. Subsequently, they were grouped into batches of 
1.5 kg, 1.0 kg, and 0.5 kg. For the dehydration stage, they were subjected to an average temperature 
of 70°C in the rotary dryer until the moisture content in their mass dropped below 10%, as shown in 
Figure 1. 

 

Figure 1. Carrot dehydration process with rotary dryer. 

2.2. Semi Washing and Cutting Method 

In this process, the carrots are washed to remove unwanted particles from their surface, while 
the skin of the tuber is kept intact as it contains important fiber for human digestion. The skin remains 
adhered to the vegetable. After washing, the carrot mass is allowed to air-dry at room temperature, 
without exposure to sunlight, to eliminate surface moisture. The carrot mass is then uniformly cut 
using a cutter with a 45° angle relative to the longitudinal plane. The goal is to process slices with a 
larger diameter and a thickness of 0.3 ± 0.5 cm to ensure efficient dehydration. 

2.3. Sensing System of the Dehydration Process 

A rotary cylindrical or drum dehydrator was implemented, which rotates continuously with 
motor speed and rotation direction control via the H-Bridge L298N module, programmed in Arduino 
with a fuzzy logic system [23]. To heat the study mass, hot air is generated by electric resistances at 
one end of the dryer and distributed by a fan through the cross-section of the drum [24]. This 
dehydration process, using hot air convection with laminar flow, allows for uniform drying of the 
carrot mass, reaching the internal layers [25]. 

The dryer cylinder has a thickness of 5 mm, a diameter of 30 cm, and a length of 35 cm. LM35 
temperature sensors are placed at the entrance and exit of the rotating drum, as well as at a midpoint 
during the dehydration process. The weight sensors of the dryer are equipped with an HX711 
amplifier module, which converts the analog signals into digital signals for integration into a signal 
conditioning system based on fuzzy logic, developed in MATLAB and programmed in the Arduino 
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microcontroller. This intelligent measurement system allows for precise and reliable results in the 
measurements [26], as shown in Figure 2. 

 

Figure 2. Diagram of Sensor and Actuator Connections for the Rotary Dryer. 

2.4. Application of Fuzzy Logic in Signal Conditioning for the Rotary Dryer 

The design process of an artificial intelligence system based on fuzzy logic begins with data 
input and output. Based on these, the parameters of the fuzzy system are calculated to respond 
according to the information provided by the Adaptive Neuro-Fuzzy Inference System (ANFIS) in 
MATLAB. In this case, fuzzy logic regression was used to calibrate the temperature and weight 
sensors in the dehydration process. Specifically, input and output data from the sensors were 
obtained using manual reference systems, such as a calibrated load cell and a resistive temperature 
detector. This data was then used to design the fuzzy system, as shown in Figure 3. 

 

Figure 3. Methodology applied for the design of fuzzy systems in MATLAB. 

Since this design must be applied to each sensor connected to the Arduino microcontroller, the 
fuzzy system code generated in MATLAB is programmed into a fuzzy inference system in C code for 
Arduino. The code for the intelligent measurement system on the Arduino board consists of three 
stages: fuzzification, knowledge base with fuzzy inference (rules), and defuzzification. Fuzzification 
is a stage in which the input values of temperature and weight are transformed into fuzzy values. 
The knowledge base stage provides the logical rules for the input fuzzy sets with the output ones. 
These rules reflect expert knowledge or the nonlinear nature of the desired system. Defuzzification 
is the final stage, which transforms the fuzzy results obtained in the inference stage into a specific 
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and precise value for analyzing the process parameters, in this case, the dehydration of carrots. Figure 
4 shows a diagram of the fuzzy system architecture for the rotary dryer, developed to execute all the 
stages on the system's microcontroller. 

 

Figure 4. Basic configuration of the fuzzy system applied in the drying process. 

2.5. Rotary Dryer Instrumentation 

The rotary dryer involves a complex dehydration process, entailing continuous heat and mass 
transfer. Carrot drying occurs by evaporating water and applying heat through a flow of hot air 
within the rotating drum. Convective heat transfer is used to increase the surface temperature of the 
solids [27–29], while conductive heat transfer allows heat to penetrate the material. As water 
evaporates from the solid, the mass of the material decreases, often accompanied by changes in the 
physical properties of the solids during dehydration [30–32]. Predicting the rate of moisture content 
changes in food products based solely on theoretical principles can be challenging. The drying rate 
refers to the speed at which water is removed from the product during the dehydration process [33–
35]. 

To determine the moisture percentage in the carrot mass within the rotary dryer, samples are 
weighed using a load cell system. This system comprises a base where the rotary dryer is placed with 
four strain gauge sensors employing a fuzzy logic system. This intelligent measurement technique 
analyzes the signals and automatically adapts to variable environmental conditions, enabling real-
time corrections and enhancing measurement accuracy, thus proving its viability [36]. 

Real-time monitoring of temperature and weight loss during the dehydration process provides 
significant economic and energy advantages. With this instrumentation technology, manual 
weighing is no longer required, eliminating the exposure of samples to the environment and 
preventing additional moisture absorption [37]. By avoiding unwanted absorption, the dehydration 
process efficiency is preserved, ensuring precise and continuous measurement. This results in 
optimized energy usage and reduced operating costs [38]. Moreover, this approach improves the 
quality of the final product by maintaining consistent and controlled dehydration without variations 
caused by external handling [39]. Readings are taken every 250 minutes until the weight stabilizes, 
as shown in Figure 5. 
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Figure 5. Instrumentation and control system for the rotary dryer. 

2.6. Dehydration Kinetics 

The parameters investigated and recorded included the inlet and outlet temperatures of the 
dryer, the internal temperature of the rotary drum, the dehydration time, and the mass quantity 
before and during the carrot dehydration process. From these data, it is possible to determine the 
heat required for the dehydration process, the energy exchange between hot air and the product's 
surface, the water content percentage in the product, the dehydration rate, and the process efficiency. 
A system of applied equations was used to evaluate the rotary dryer's efficiency in food product 
dehydration [40]. 

The amount of heat utilized for water reduction, QT (kJ), is represented by Equation (1). Q୘ = Qୟ + Qୠ + Qୡ                                 (1) 

Qa corresponds to the heat required to increase the temperature of the water in the carrot (kJ), 
Qb represents the thermal energy needed to convert the water into vapor (kJ), and Qc is the heat 
associated with the change in water temperature (kJ) [41]. Qୟ = m୧ ∙ C୮୸ሺT୸−Tୟሻ                                  (2) Qୠ = mୣ ∙ h୤୥                                  (3) Qୡ = mୟ ∙ C୮ୟሺT୸−Tୟሻ                                  (4) mୟ = m୧ ∙ kୟ୧                                   (5) 

Cpz is the specific heat of the carrot (kJ/kg°C), Tz is the temperature of the carrot (°C), Ta is the 
ambient temperature (°C), hfg is the latent heat of vaporization of water (kJ/kg), Cpw is the specific 
heat of water (kJ/kg°C), mi is the initial mass of the carrot (kg), me is the mass of water that changes 
phase, ma is the mass of water in the carrot, and khi is the initial moisture content of the carrot. 

The thermal energy supplied by the hot air to the material during the drying process, q (kJ), is 
obtained through equation (6) [42] q = ρୟ ∙ Vୟ ∙ C୮ୟሺT୧−T୭ሻ                                  (6) 
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ρୟ refers to the air density during the dehydration process (kg/m³), and Cpa is the specific heat 
of air required to raise its temperature (kJ/kg°C). Ti represents the temperature of the air entering the 
dryer, and To corresponds to the temperature of the air exiting the dryer. 

To calculate the volume of air entering the rotary dryer, Va (m³), equation (7) is implemented. 
Here, Ua refers to the velocity of the air emitted by the rotary dryer's fan (m/s), At is the cross-sectional 
area of the fan (m²), and ts is the drying time [40]. Vୟ = Uୟ ∙ A୲ ∙ tୱ                                  (7) 

To determine the carrot's moisture content, the product is heated until no further variation in its 
mass is observed, indicating that all moisture has been removed. To evaluate the carrot's moisture 
content, the samples undergo the dehydration process for a maximum period of approximately 450 
minutes at an average temperature of 65°C. 

To calculate the moisture content, Kh (%), the initial mass and the dry mass, ms (kg), are used 
[43].  K୦ = ୫౟ି ୫౩୫౟ × 100                                  (8) 

The dehydration rate, ms (kg/h), is determined by the ratio of the mass of water that has changed 
phase, me (kg), to the dehydration time, ts (h). Similarly, the efficiency of the dehydration process is 
based on the heat used in the dehydration process, QT (kJ), and the energy flow from the air to the 
material being dehydrated, q (kJ) [44]. mሶ ୱ = ୫౛ ୲౩                                        (9) N୔ =  ୕୯ × 100                                  (10) 

3. Results and Discussion 

3.1. Data Collection on Dehydration Kinetics 

In this procedure, the drying kinetics of carrots with different initial masses (1.5 kg, 1.0 kg and 
0.5 kg) were obtained using a rotary dryer with constant air circulation velocity. Before placing the 
samples, the temperature conditions inside the dryer were adjusted. The vegetable samples, 
previously weighed with a load cell system employing strain gauges, were placed in the dehydrator 
to monitor moisture loss during the process. Continuous weight readings of the samples were taken 
until a constant weight was reached. Additionally, the total solids content of the tuber was measured 
using a fuzzy system to optimize the process time and energy. 

The analyzed parameters included the heat required for the dehydration process, the energy 
transfer between the hot air and the carrot surface, the dehydration rate, and drying efficiency. Figure 
6 illustrates the relationship between dehydration time and the amount of moisture in the carrot 
during the drying process for different initial masses. 
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Figure 6. Kinetics of the dehydration process of the 3 initial carrot masses. 

3.2. Evaluation of the Data Obtained from the Temperature Measurement Tests in the Rotary Dryer 

This evaluation analyzes the real-time monitored data of the inlet, outlet, and mid-point 
temperatures in the rotary dryer, using LM35 sensors with signal conditioning through a fuzzy 
system in Arduino. The aim is to obtain an optimal evaluation with a temperature sensing graph of 
the dehydration process. The working temperature of the rotary dryer is 70°C, which corresponds to 
the average of the signal values that fluctuate in the graph in Figure 7. The samples exposed to these 
temperatures, through hot air circulating in the rotary drum, are considered dehydrated according 
to the quality specifications related to the final water mass content in the product. The application of 
instrumentation in the LM35 sensors provides precise data on the temperature variation in the rotary 
dryer during the drying process. 

Figure 7. Thermal distribution in the rotary dryer for the carrot dehydration process. 

During the dehydration process of the initial carrot mass samples, an average temperature of 
65°C was monitored at the mid-point of the rotary dryer, with variations ranging from 56°C to 72°C. 
At the same time, average inlet temperatures of 71°C were recorded. It was observed that the 
temperature at the dryer inlet did not increase significantly during the process, as it is monitored in 
the phase with the least thermal energy loss. On the other hand, an average temperature of 60°C was 
obtained at the outlet of the system at the end of the dehydration process. 
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3.3. Evaluation of the Amount of Heat Transferred by the Hot Air Flow from the Rotary Dryer During the 
Carrot Dehydration Process 

The temperatures monitored in the dryer are directly related to the supply of hot air to the initial 
carrot masses. To analyze the thermal energy supplied, measurements were taken every 20 minutes 
over a total period of 450 minutes until the product reached complete dehydration. The heat emitted 
by the hot air was calculated using Eq. (6). In the 1.5 kg initial carrot mass, it was determined that the 
greatest amount of heat supplied by the hot air was 1,405 kJ. This value represents the highest energy 
utilization in all experiments since, being the largest mass, it required more thermal energy to remove 
the water content from the product, as shown in Figure 8. For the 1.0 kg initial mass, the largest 
amount of thermal energy emitted was calculated to be 1,249 kJ, sufficient to dehydrate the carrots 
and reduce their water content to below 10%. As for the 0.5 kg initial mass, it was determined that 
the greatest amount of heat supplied by the dryer’s air flow was 1,093 kJ. Being the smallest mass, it 
required the least thermal energy for its drying process. 

 
Figure 8. Heat transferred by the hot air in the rotary dryer for the carrot dehydration process. 

3.4. Analysis and Calculation of the Dehydration Rate During the Experimental Tests with Carrot Samples 
in the Rotary Dryer 

During the drying process, it was observed that by monitoring the maximum temperature and 
the greatest change in the water content of the product, dehydration occurs more rapidly. In this 
evaluation of the drying parameters, it was determined that the dehydration rate for the 0.5 kg initial 
mass was the most efficient compared to the other initial masses. Figure 9 shows the change in the 
dehydration rate, causing losses in the water content of the carrot, demonstrating that it is directly 
proportional to the changes in the percentage of water mass of the product, making the dehydration 
rate more effective. 
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Figure 9. Dehydration rate in the carrot drying process. 

3.5. Determination of Dehydration Efficiency in the Rotary Dryer 

In this analysis of the dehydration process, the efficiency of dehydration is calculated based on 
the collected data, which includes the moisture content, thermal energy distribution, and the amount 
of heat monitored during the 450 minutes of the drying process. Figure 10 shows that the best 
dehydration efficiency occurs in the 1.5 kg mass. This is because the highest efficiency in the 
dehydration process occurs when the water mass content in the carrots remains elevated. Maximum 
efficiency is observed at the beginning of the dehydration process, as a result of the large amount of 
thermal energy in the dryer, which is implemented to reduce the water mass content in the carrot. 
Efficiency decreases as the drying time progresses, as thermal energy is lost in greater proportion as 
the water content evaporates. In the carrot dehydration process, the maximum efficiency achieved 
was 45% with an initial mass of 1.5 kg. For an initial mass of 1.0 kg, the efficiency was 30%, while for 
0.5 kg, it reached a value of 17%. 

 

Figure 10. Dehydration efficiency in the carrot drying process. 

4. Conclusions 

Using a rotary dehydrator equipped with a fuzzy system for signal conditioning of weight and 
temperature sensors, the dehydration process of 1.5 kg of carrots is completed in 450 minutes, 
achieving a final water content of 10% in the product mass. This time is the longest compared to the 
other two experiments conducted with different initial masses. In the dehydration tests with carrot 
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masses of 1.0 kg and 0.5 kg, the dehydration times were 400 min and 300 min, respectively, achieving 
final water contents of 11% and 9%. The implementation of a rotary dryer, with a working 
temperature of 70°C, facilitates the change in the operating ambient temperature from 25.44°C to 
56.05°C, 65.07°C, and 72.83°C. This thermal distribution is leveraged for dehydration tests with initial 
carrot loads of 1.5 kg, 1.0 kg, and 0.5 kg. The thermal distribution significantly influences the carrot 
dehydration process, affecting the drying time required. As the temperature increases, the 
dehydration rate becomes more efficient. The highest efficiency was obtained with an initial carrot 
load of 1.5 kg. Increasing the initial amount of carrots during the drying tests results in a higher 
removal of water content from the product, improving dehydration efficiency and reaching optimal 
levels. The high water percentage in the carrots influences the amount of heat utilized through the 
hot air flow of the dehydrator during the moisture removal process. A smaller carrot mass in the 
initial test results in a lower heat supply applied to the product during the drying process. The 
application of calculations for the dehydration process parameters, the demonstration of moisture 
loss through data obtained with a fuzzy logic program in Arduino, and the noise elimination in 
sensor signals through signal conditioning, will help reduce costs associated with food dehydration 
processes. This approach improves the reliability of measurements, reduces operation times, and 
optimizes drying efficiency by manipulating the variables of the rotary dryer system. 
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