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Abstract: The demand for fresh and healthy food has been increasing, and different options for 
growing sprouts have been presented to solve this, such as traditional techniques and cultivation 
under controlled conditions. However, sprout farming has not explored all the tools available to 
produce these foods under controlled conditions. This study presents an alternative to produce ses-
ame seed sprouts in a micro-greenhouse applying intelligent control algorithms for vapor pressure 
deficit. There was an improvement of 56% in the germination percentage, 2.59 in the germination 
index, 9.7% in the production of proteins, 1.1% in ash and an increase of 77.03 mm in the sprouts’ 
length collected in the micro-greenhouse in comparison with the traditional technique. This was 
achieved by maintaining a mean error for soil moisture at 87% and 0.93 kPa for vapor pressure 
deficit by applying proportional–integral–derivative, fuzzy logic and neural network control algo-
rithms in the micro-greenhouse. The study shows that the nutritional content, the measured germi-
nation parameters and the size are improved in sesame sprout production by applying intelligent 
control algorithms for vapor pressure deficit in a micro-greenhouse. 

Keywords: vapor pressure deficit; intelligent control; micro-greenhouse; sesame sprouts;  
nutritional value; germination parameters; sprout length 
 

1. Introduction 
The production of fresh and healthy food has experienced an important worldwide 

demand in recent years. This is caused by population growth in regions where the pro-
duction of these foods is complicated due to the weather conditions [1] Some of these 
fresh and healthy foods are sprouts, as they have a good quantity of enzymes, carbohy-
drates, vitamins, and minerals. Sesame seeds are oilseeds that have good nutritional char-
acteristics and contain 50–60% oil rich in unsaturated fats, 20% proteins and 6.4–21% car-
bohydrates [2–4]. In addition, they are a good source of minerals such as calcium, phos-
phorus, zinc and magnesium; thus, they are included in people’s diets [5]. One of the ways 
to take advantage of sesame’s nutritional characteristics is seed germination. The germi-
nation process produces effects on the biochemical composition of sesame seeds in which 
the type of seed and germination conditions are involved [6].  

For sprout production, traditional techniques such as pots, glass jars or wet towels 
have been used, mainly in homes for personal consumption [7]. The traditional technique, 
being exposed to the outside, complicates the germination process due to not being able 
to control variables to maintain the appropriate conditions. For this reason, sprouts are 
also produced in a controlled environment, where the crop is isolated from the outside, 
modifying its environment to extend the harvest period, increase yield, improve sprout 
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quality and dispose of the products when traditional production is limited [8]. Tempera-
ture, humidity and soil moisture are involved in the germination process [9–11]. Temper-
ature and humidity are physical variables that define the behavior of vapor pressure def-
icit (VPD), and this is a way of measuring the climate inside a greenhouse. VPD control 
represents a useful tool to solve physiological problems in plants, and it helps to improve 
the absorption of water and fertilizers from the soil, which would benefit the sprouts in 
obtaining the necessary nutrients to develop and obtain better yield of the crop and better 
quality of the product. To achieve this, it is required to use intelligent control algorithms 
that maintain the temperature and humidity within the appropriate values for the VPD to 
improve the production of sesame sprouts [12–14].  

Investigations related to climate control in greenhouses have been reported in recent 
years. In [15–17], greenhouse climate control designs evaluated in simulations with fuzzy 
control techniques were presented. Investigations have also been presented where fog-
ging, micro-fog and airflow systems were applied for the control of VPD in a greenhouse, 
screenhouse and chambers, as mentioned in [18–22]. The VPD has been mathematically 
modeled as reported in [23]. Based on the above, in [24], work was presented where VPD 
is modeled using fuzzy logic. The climatic conditions to produce sprouts have been con-
sidered for research related to sesame seeds. Studies have been presented where sesame 
seeds were germinated under different environmental conditions to determine the germi-
nation parameters and the sprout size [25–29]. Additionally, [30–32] analyzed the nutri-
tional content of sesame sprouts produced under different physical conditions. Previous 
investigations have designed and simulated intelligent climate control systems in green-
houses. However, these works do not consider the characteristics of the actuators that they 
control in the implementation of their designs, and do not establish the mathematical 
equations of those systems. Although fuzzy logic has been used to model the behavior of 
VPD, an intelligent control focused on VPD as a convenient tool in sesame sprout produc-
tion in a controlled environment is not mentioned in previous research. Therefore, in this 
research, thermal systems were established for the control of VPD through temperature 
and humidity to improve the germination parameters, size and nutritional value in the 
sesame germination process using intelligent control algorithms such as fuzzy logic (FL) 
and neural networks (NNs) for VPD and PID for soil moisture in a micro-greenhouse. 

2. Materials and Methods 
2.1. Materials 
2.1.1. Seed Preparation in Micro-Greenhouse and Traditional Technique 

Black sesame seeds (Sesamum indicum L.) were placed in the micro-greenhouse and 
with the traditional technique in pots 10 cm deep. The soil was prepared with a N, K, P 
ratio of 12-5-7 according to the manufacturer’s information, which was obtained from an 
establishment of the region. The micro-greenhouse and the traditional technique were ex-
posed to 12 h of light and 12 h of darkness at the same time of the year: autumn–winter. 
The experiments were performed simultaneously. 

2.1.2. Prototype 
To maintain the proper conditions in the sesame seeds germination process, VPD and 

soil moisture must be controlled. According to the research presented by [33], the ade-
quate VPD values for any crop range from 0.5–1.4 kPa. The VPD is dependent on temper-
ature and relative humidity. In an investigation presented by [34,35], it was mentioned 
that the variables for sesame seeds should be maintained between 25 and 37 °C for tem-
perature, close to 100% for relative humidity and at a value between 80 and 95% for soil 
moisture. Based on these requirements, a micro-greenhouse was designed and built (Fig-
ure 1). The dimensions of the micro-greenhouse presented in millimeters and the location 
of the systems for temperature and humidity can be observed in Figure 2. The systems 
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used for temperature control in this research require the energy transfer between two flu-
ids (Figure 3). Two heat exchangers were installed, one for heating and one for cooling. 
Water temperature for heating was maintained at 45–50 °C by applying an on–off control. 
Water temperature for cooling was obtained directly from the local supply network, rang-
ing between 21 and 25 °C. To control relative humidity, a water vapor saturation system 
was installed. This system works with air flow using a fan in a tubular tank with water 
and a submersible water pump. 

 
Figure 1. Hood-type micro-greenhouse prototype. 

 
Figure 2. Components (a) and dimensions (mm) (b) of the micro-greenhouse. 
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Figure 3. Schematic of heat exchangers for heating (a) and cooling (b). 

2.2. Methods 
2.2.1. VPD Control Development 

Mathematically, VPD is defined as the difference between the saturation vapor pres-
sure (𝑉𝑃𝐷௦௔௧) related to temperature and the air vapor pressure (𝑉𝑃𝐷௔௜௥) associated 
with the relative humidity. Equations (1)–(3) presented by [36] and used in an investiga-
tion by [33] were used to calculate the VPD. 𝑉𝑃𝐷 = [𝑉𝑃௦௔௧ − 𝑉𝑃௔௜௥] (1)𝑉𝑃௦௔௧ = 0.61078 ቆ𝑒൤(ଵ଻.ଶ଻)(்)ଶଷ଻.ଷା் ൨ቇ (2)

𝑉𝑃௔௜௥ = ൬ 𝑅𝐻100൰ (𝑉𝑃௦௔௧) (3)

where  𝑇 = temperature and 𝑅𝐻 = relative humidity. Considering that 𝑉𝑃௦௔௧ and 𝑉𝑃௔௜௥depend on the values of temperature and relative humidity, a mathematical model 
was proposed that defines the dynamics of these variables. 

Temperature 

For this research, an unmixed crossflow heat exchanger was used for temperature 
control, as it is a heat exchanger in which two different fluids can interact, in this case, 
water and air. Heat exchangers regularly operate for long periods of time, without signif-
icant changes in their operating conditions. For that reason, the analysis can be considered 
as a steady flow system. The heat exchanger’s actual heat transfer rate can be defined 
based on an energy balance in the hot and cold liquids [37]. For the mathematical analysis 
of the crossflow heat exchanger for heating the temperature system, in one exchanger, one 
fluid gives up energy and the other acquires energy; therefore, the heat transfer that exists 
in the water is equal to the heat transfer in the air, as shown in Equations (4)–(6). 𝑄· ௪ = 𝑄· ௔ (4)
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𝑄௪· = 𝑚௪· 𝑐௣௪(𝑇௪,௜௡ − 𝑇௪,௢௨௧) (5)𝑄௔· = 𝑚௔· 𝑐௣௔(𝑇௔,௢௨௧ − 𝑇௔,௜௡)  (6)

where 𝑄௪·  = current heat transfer from water, 𝑄௔·  = current heat transfer from air, 𝑚௪·  = 
water mass flow, 𝑚௔·

= air mass flow, 𝑐௣௪ = specific water heat, 𝑐௣௔ = specific air heat, 𝑇௪,௜௡= water input temperature, 𝑇௔,௜௡= air input temperature, 𝑇௪,௢௨௧= water output tem-
perature and 𝑇௔,௢௨௧= air output temperature. The 𝑇௔,௢௨௧ is the internal micro-greenhouse 
temperature; therefore, Equation (7) is obtained for heating. ௠·ೢ ௖೛ೢ(்ೢ,೔೙ି்ೢ ,೚ೠ೟)ା௠ೌ· ௖೛ೌ்ೌ,೔೙௠ೌ· ௖೛ೌ = 𝑇௔,௢௨௧  (7)

The variable 𝑇௔,௢௨௧  represents the output temperature of the air when it passes 
through the heat exchanger. The mathematical analysis for the cooling cross flow heat 
exchanger in the temperature system is similar to the heating system, except that the signs 
are reversed because in heating, the 𝑇௔,௢௨௧ gains energy, and in cooling it loses energy. 
That is, when the system increases its temperature, it absorbs heat, therefore it is said that 
the system gains energy. The principle remains that the water heat transfer is equal to that 
of air, as shown in Equation (8). 𝑚௪· 𝑐௣௪(𝑇௪,௢௨௧ − 𝑇௪,௜௡) − 𝑚௔· 𝑐௣௔𝑇௔,௜௡𝑚௔· 𝑐௣௔ = −𝑇௔,௢௨௧ (8)

Equations (7) and (8) describe heating and cooling dynamics in the heat exchanger 
for the temperature system in the micro-greenhouse. 

Relative Humidity 

For the humidification system, based on the work presented by Cengel and Boles 

[37], the adiabatic saturation process is taken as the basis, in which there is an unsaturated 
airflow that has a specific initial humidity and an input temperature, gaining humidity 
when it comes into contact with a water tank, in which the water vapor mixes with the 
airflow. The humidity content increases during this process. Water temperature is kept at 
the same temperature as the input air; therefore, there is a similar temperature between 
the inlet and the outlet. By supplying make-up water to the tank at the evaporation rate 
and the temperature 𝑇ଶ, the process can be analyzed as a steady flow process. For the 
equation analysis, it is considered in Equation (9) that the air mass flow is the same at the 
input and output and, therefore, in Equation (10), the air mass flow and evaporation mass 
flow are related. 𝑚· ௔ଶ = 𝑚· ௔ଵ (9)𝑚ሶ ௙ = ௠ሶ ೌ(௛మି௛భ)௛೑೒మ   (10)

where 𝑚· ௔ଵ = input air mass flow, 𝑚· ௔ଶ = output air mass flow, 𝑚ሶ ௙ = evaporation mass 
flow, ℎଵ = enthalpy input, ℎଶ = enthalpy output and ℎ௙௚ଶ = evaporation enthalpy. Equa-
tion (11) describes the evaporation rate for the airflow that circulates through the humid-
ity system. 

𝑚ሶ ௙ = 𝑚௔[((𝑐௣௔𝑇ଶ + 0.622𝜑ଶ𝑝௚ଶ𝑝 − 𝜑ଶ𝑝௚ଶ )(ℎ௩௔௣௢௨௥ + 𝑐௣௩௔௣௢௨௥𝑇ଶ)) − ((𝑐௣௔𝑇ଵ + 0.622𝜑ଵ𝑝௚ଵ𝑝 − 𝜑ଵ𝑝௚ଵ )(ℎ௩௔௣௢௨௥ + 𝑐௣௩௔௣௢௨௥𝑇ଵ))]ℎ௙௚ଶ  (11)

where 𝑇ଵ = input temperature, 𝑇ଶ = output temperature, ℎ௩௔௣௢௨௥ = vapor enthalpy water 
, 𝑐௣௩௔௣௢௨௥ = average vapor water specific heat , 𝑃 = atmospheric pressure, 𝑝௚ଵ = saturation 
pressure at input temperature, 𝑝௚ଶ = saturation pressure at output temperature, 𝜑ଵ = in-
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put relative humidity and 𝜑ଶ = output relative humidity. When obtaining the evapora-
tion rate, an analysis is executed to determine the output humidity. Thus, a consideration 
is made where the evaporation mass flow is equal to the air mass flow that multiplies the 
difference between the output and input humidity. Subsequently, 𝜑ଶ is calculated [37]. 
Equation (11) describes the 𝑚ሶ ௙ humidity system’s behavior, which allows for obtaining 
the inside micro-greenhouse relative humidity. 

Control 

Design, simulation and implementation of FL and NN control for VPD and PID for 
soil moisture in the micro-greenhouse were executed. The heat, humidity and soil mois-
ture systems were evaluated with three different types of control (PID, FL and NN), ob-
taining, as a result: FL for heat control, NN for humidity and PID for soil moisture. The 
use of intelligent control has facilitated the prediction of parameters in systems with com-
plex dynamics. For example, fuzzy logic (FL) systems try to determine logically what must 
be done to achieve the control objectives from a knowledge base provided by a human 
operator [38]. The steps for the design of a system based on fuzzy logic are the following: 
define the state and control variables; the linguistic labels and the degree of membership 
of the fuzzy sets are defined; set the if–then rules and defuzzification stage [39]. The tem-
perature control variable in the micro-greenhouse was 𝑇௔,௢௨௧. The control was designed 
by varying the 𝑚௪·  in Equations (7) and (8). In Table 1, the fuzzy sets of state variables 
(𝐸𝑟𝑟𝑜𝑟𝑡𝑒𝑚𝑝௜௡௧), (𝐸𝑟𝑟𝑜𝑟𝑡𝑒𝑚𝑝௘௫௧) and the control variable (𝑉𝑎𝑟 𝑇𝑒𝑚𝑝 𝐼𝑛𝑡) can be observed. 
Vertex 1, 2 and 3 correspond to triangular fuzzy sets. Vertex 1, 2, 3 and 4 correspond to 
trapezoidal fuzzy sets, where 1 is the extreme left vertex. Table 1 shows the values that 
the fuzzy sets take at that vertex. The state variables can be calculated with Equations (12) 
and (13). Mamdani’s method was designed to use if–then rules using complex knowledge 
expressed in natural language [40]. Recent research has used this method, as reported in 
[41,42]. A Mamdani inference method was implemented in this work, the rules are shown 
in Tables 2 and 3. 

Table 1. Fuzzy sets. 

ErrorTempInt 
Set Vertex 1 Vertex 2 Vertex 3 Vertex 4 (Trapeze) 

High Negative −20 −20 −4 −1.3 
Normal Negative 

Low Negative 
Normal 

Low Positive 
Normal Positive 

−2 
−1.4 
−0.2 

0 
1 

−1.3 
−0.6 

0 
1 
2 

−0.6 
−0.2 
0.5 
2 
3 

N/A 
N/A 
N/A 
N/A 
N/A 

High Positive 2 5 15 15 
ErrorTempExt 

Normal 
Very Low Positive Difference 

Low Positive Difference 
Normal Positive Difference 

High Normal Positive Difference 

−2.5 
1 

2.5 
4 
6 

0 
2.5 
4.2 
6 
8 

2.5 
4 
6 
8 
17 

N/A 
N/A 
N/A 
N/A 
17 

VarTempInt 
High Descent  

Normal Descent 
Low Descent 

Hold 
Very Small Ascent 

Small Ascent 
Normal Low Ascent 
Normal High Ascent 

High Ascent 

−255 
−240 
−170 
−30 

0 
30 
60 

115 
170 

−255 
−170 
−100 
−1 
30 
70 

115 
170 
255 

−170 
−100 
−30 
1 
60 
115 
170 
230 
255 

N/A 
N/A 
N/A 
30 

N/A 
N/A 
N/A 
N/A 
N/A 

N/A = Not Applicable.  
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Table 2. Heating control rules. 

Errorint 

𝐄𝐫𝐫𝐨𝐫𝐞𝐱𝐭 
Normal 

Very Low Positive 
Difference 

Low Positive 
Difference 

Normal Positive 
Difference 

High Normal Positive 
Difference 

Normal HLD HLD HLD VSA SA 
Low Positive NLA NHA HA HA HA 

Normal Positive NHA HA HA HA HA 
High Positive HA HA HA HA HA 

HLD: Hold, NLA: Normal Low Ascent, NHA: Normal High Ascent, HA: High Ascent, SA: Small Ascent, VSA: Very Small 
Ascent. 

Table 3. Ventilation control rules. 

Error Temp Int Control Action 
Low Negative LD 

Normal Negative ND 
High Negative HD 

LD: Lower Descent, ND: Normal Descent and HD: High Descent. 

𝐸𝑟𝑟𝑜𝑟𝑇𝑒𝑚𝑝𝐼𝑛𝑡 =  𝑇ௗ  −  𝑇௖௨ (12)𝐸𝑟𝑟𝑜𝑟𝑇𝑒𝑚𝑝𝐸𝑥𝑡 =  𝑇ௗ  − 𝑇௘௫ (13)

where 𝑇ௗ= desired temperature, 𝑇௖௨= current temperature and 𝑇௘௫= external temperature. 
Neural networks (NNs) are supported by computational models that use a set of 

units called artificial neurons, which when interacting with each other through links re-
sponsible for interconnecting them, can increase or inhibit the activation state of adjacent 
units [43]. The main characteristic of an NN is that each unit that composes it can learn 
and train itself, therefore, it can be applied in areas where the detection of parameters is 
difficult to achieve [44]. An NN was designed for the humidity system. This control has a 
hidden layer with two neurons. The training algorithm used was backpropagation [45]. 
During training, a mean square error of 3.58 × 10−4 was obtained. The training values were 
taken in a range from 1 to −1 for the present error in intervals of 0.2. For the desired output, 
values in the range from 0 to 0.033 were taken, which correspond to the minimum and 
maximum value that 𝑚ሶ ௔ can take. After carrying out the VPD control design by modify-
ing the values of temperature and humidity in the micro-greenhouse, a transfer function 
was obtained that describes the soil moisture dynamics through an identification process. 
The Matlab tool “System identification toolbox” was used, which works with the data 
input obtained experimentally [46]. For this, a voltage of 12 V was applied to the water 
pump. When the system activates the irrigation, the soil moistens quickly and the dynam-
ics have a fast behavior. A reference of 100% moisture in the soil was established and an 
average of 7 runs was calculated [47]. The transfer function that describes the behavior of 
soil moisture in the micro-greenhouse is shown in Equation (14). 𝐺௠௢௜௦௧(𝑠)  =  1.11227.2837𝑠 +  1 (14)

At present, PID control has been used to control irrigation systems in greenhouses 
[48]. The PID control is made up of three actions: proportional, integral and derivative 
[49]. A PID control with one input and one output (SISO) was designed for soil moisture 
control in this work. The first Ziegler–Nichols method was used to determine the PID 
controller gain value [50]. The values to calculate 𝐾௣, 𝑇௜ and 𝑇ௗ were obtained from the 
rules proposed by Ziegler–Nichols, where it was determined that 𝐿 = 6 and 𝑇 = 12.5. 
The PID controller parameter values for soil moisture are 𝐾௣ = 2.5, 𝐾௜ = 0.2 and 𝐾ௗ =7.5. 
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The control algorithms implemented by FL and the NN for VPD and PID for soil 
moisture were performed in the LabVIEW programming environment. The control sys-
tem implementation diagram can be seen in Figure 4. An FL and NN control was imple-
mented for temperature and humidity. The FL algorithm controls the pump flow water 
in the heat exchanger to decrease or increase the micro-greenhouse internal temperature 
when it exceeds the indicated reference value. The NN controls 𝑚ሶ ௔ through a fan, satu-
rating the air with water vapor to humidify the micro-greenhouse. For irrigation, a PID 
control with an input and an output was implemented. The PID control regulates the sub-
mersible pump speed, which functions to transport water through the irrigation pipes 
installed inside the micro-greenhouse. 

 
Figure 4. Control system general diagram. 

2.2.2. Treatment and Germination of Sesame Seeds 
The experiment was developed using two types (micro-greenhouse and traditional 

technique) of germination. Each type of germination had five replicates with 20 seeds, and 
these were soaked for 12 h before cultivation [51]. After the soaking period was over, the 
seeds were placed 2 cm deep in arable land [52]. A reference of 30 °C for temperature, 75% 
for humidity and 85% for soil moisture, considered optimal conditions for the sesame seed 
germination process, was established in the micro-greenhouse. The experiment was car-
ried out for 8 days from the moment of sowing. The traditional technique consisted of 
sesame seeds sown in plastic pots. For this case, the laboratory conditions were emulated, 
in a range from 25 to 30 °C for temperature and 45 to 60% for humidity. Irrigation was 
applied twice a day to keep the soil moist. 

2.2.3. Determination of Germination Parameters 
The parameters of germination percentage (G%), germination index (GI), time at 50% 

(T50) germination and coefficient of the velocity of germination (CVG) at each level were 
determined in order to analyze the times based on the germination capacity of the seeds 
as shown in Equations (15)–(18) [53,54]. 𝐺% = 𝑛௜𝑁 (100) (15)

𝐺𝐼 = ∑(𝑛௜𝑡௜)𝑁  (16)

𝑇50 =  𝑡௜ + ቄቀ𝑁2ቁ − 𝑛௜ቅ ൫𝑡௝ − 𝑡௜൯൫𝑛௝ − 𝑛௜൯  (17)

𝐶𝑉𝐺 = ∑(௡೔௧೔)∑(௡೔) (100)  (168
)

where 𝑛௜ is the number of seeds germinated on day 𝑖, 𝑡௜ is the number of days after the 
sowing and 𝑁 is the total number of seeds. 
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2.2.4. Measurement of Sprout Length 
The length of the largest sprouts was taken in the micro-greenhouse and the tradi-

tional technique using a Vernier caliper. The sprout length was measured from the tip of 
the root to the tip of the sprout, aiming to make a comparison between both techniques. 

2.2.5. Nutritional Value Determination 
The sprouts’ nutritional value was measured with the official AOAC methods 

925.09B, 923.03, 920.39C and 960.52 to determine the moisture, ash, lipid and protein con-
tent [55]. 

2.2.6. Statistical Analysis 
The results were analyzed by an analysis of variance (ANOVA), and the comparison 

of means was performed by the Tukey multiple range test, with a significance level of 5%. 

3. Results and Discussion 
3.1. Control System 

In Figure 5a, the temperature fuzzy control simulation in the micro-greenhouse is 
shown, where a 30 °C reference was established starting from a temperature of 24 °C. The 
desired value was reached in 20 seconds and it remains stable with a difference of 0.4 °C 
compared to the reference. In Figure 5b, the humidity NN control simulation can be ob-
served. A 75% reference was established from 35%. A steady-state difference of 0.05% was 
obtained. With the temperature and humidity values, it is possible to obtain the VPD con-
trol values, as shown in Figure 5c. The VPD result in the simulation was 1.03 kPa. Figure 
6a shows the PID control simulation result for soil moisture. An 85% reference was estab-
lished, starting with 0% soil moisture. The desired value was reached in 40 seconds and 
presented a steady-state difference of 0.1%. 

In the VPD and soil moisture control implementation, the standard error (SE) and 
mean absolute error (MAE) for each one was determined and compared with simulation, 
as shown in Table 4. The same references were established in the simulation as in the 
implementation for contrast. In Figure 6b, the PID control behavior for soil moisture is 
shown, where it is observed that an overshoot occurs when the reference is reached, but 
later it achieves the stable state. In Figure 5d,e, the temperature FL control and humidity 
NN control implementation are shown; temperature takes approximately 70 s to rise from 
24 °C to 30 °C and the humidity reaches the reference in 105 s. The VPD behavior control 
can be observed in Figure 5f. The VPD has an MAE of 0.93 ± 0.09 kPa and an SE of 0.93 ± 0.004 kPa. In comparison with the VPD obtained in the traditional technique, a var-
iation in temperature and humidity caused the VPD to fluctuate in the range of 1.6–1.7 
kPa. In contrast, the temperature and humidity are close to the reference value in the mi-
cro-greenhouse. Humidity takes approximately 35 s longer than the temperature to reach 
the reference; this is because the temperature must first be stabilized to bring the humidity 
to the desired value. However, when it falls below the desired value, it can be observed 
in Figure 5d,e that, when the heat exchanger is activated, it causes a momentary drop in 
the humidity value, which causes the VPD to rise. This happens because the outside air is 
drier than the air inside of the micro-greenhouse, and when the exchanger is activated, it 
enters through the fan. Likewise, in Figure 5e,f, it is observed that, when the humidity 
falls, it causes the VPD to rise at the same time. Despite this, in a few seconds, the control 
system can resume within an acceptable range the humidity value again, causing the VPD 
to remain within the acceptable values for sesame seed germination. The scientific com-
munity has researched VPD control in microclimates. For example, [20] proposed a fog-
ging system in a screenhouse to increase humidity. They obtained VPD values between 
2.9 and 3.3 kPa. In another study by [21] a micro-fog system in a greenhouse was proposed 
to raise humidity and thus reduce VPD in summer temperatures. They obtained, as a re-
sult, a minimum VPD value of 0.75 kPa. A study presented by [18] involved different 
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experiments in chambers to raise the humidity using airflow to vary the VPD value. They 
obtained VPD values that ranged between 1.1 and 3.7 kPa. The authors of [19] also exe-
cuted three experiments where humidity values were increased to evaluate the VPD in 
growth chambers. They obtained results that varied between 0.7 and 2 kPa by applying 
automated irrigation four times a day. In another work, [22] also increased the humidity 
in a greenhouse in the winter season, employing a nebulization system to reduce VPD in 
the greenhouse. They managed to reduce the VPD value to 0.8 kPa by midday. Therefore, 
in this research, a VPD value of 0.93 kPa and 87% soil moisture are proposed for the proper 
germination sesame seeds in the micro-greenhouse. These values are due to PID control 
for soil moisture, FL temperature control and NN humidity control to obtain the VPD 
value. 

 
Figure 5. Simulation (a–c) and implementation (d–f) graphs of temperature FL control, humidity NN control and VPD 
control. 

  



Appl. Sci. 2021, 11, 7957 11 of 16 
 

Table 4. Error comparison in simulation and implementation. 

Control Simulation Implementation 
  SE MAE 

FL Temperature Control (°C) 0 4.  30 02 0 002. .±  30 02 0 08. .±  
NN Humidity Control (%) 0 0 5.  77 0 11.±  77 3 90.±  

PID Soil Moisture Control (%) 0 1.  87 055.±  8 7 3 95.±  
VPD Control (kPa) 1 03.  0 93 0 004. .±  0 93 0 09. .±  

FL: Fuzzy Logic, NN: Neural Network, PID: Proportional–Integral–Derivative, SE: Standard Error 
and MAE: Mean Absolute Error. 

 
Figure 6. Simulation (a) and implementation (b) of soil moisture PID control. 

3.2. Germination Parameters 
The G%, GI, CVG and T50 improved significantly in the micro-greenhouse compared 

to the traditional technique for the optimum temperature, humidity and soil moisture 
conditions for sesame seed germination. The germination parameters determined for ses-
ame seeds in the micro-greenhouse and the traditional technique are shown in Table 5. 
The sprout production in the micro-greenhouse is shown in Figure 7a. 

Table 5. Germination parameter results. 

Technique G% GI (Days) CVG (%) T50 (Days) 
Micro-Greenhouse 88 ± 3.51 a 3.62 ± 1.52 a 19.71 ± 2.52 a 4.63 ± 2.52 a 

Traditional 32 ± 3.44 b 1.03 ± 2.20 b 16.40 ± 2.70 b 5.79 ± 3.6 a 
G%: germination percentage, GI: germination index, T50: time at 50% of germination, and CVG: 
coefficient of the velocity of germination. The values are the measure (a,b are the comparisons be-
tween the rows) of five independent experiments. Different letters indicate statistical differences (p 
< 0.05).  
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Figure 7. Sprout production in micro-greenhouse (a). Larger sprouts collected in micro-greenhouse 
(b) in contrast with traditional technique (c). 

Germinating sesame seeds in conditions that are not optimal for their growth reduces 
the metabolic process caused by the dormant state in which the seed is exposed [35]. In 
this work, a temperature of 30 °C was established in the micro-greenhouse. In [56], it is 
reported that in order to have a high G% and CVG, it is necessary to maintain a soil mois-
ture range of 75–90%. If the soil moisture percentage increases to 100%, it would be diffi-
cult for the seed to receive oxygen because it compacts and obstructs the oxygen passage. 
Alternatively, if the soil moisture decreased below 75%, water absorption in the seed 
would be lower. Therefore, the movement of the reserves within the seed would not be 
adequately achieved. In this work, soil moisture for sesame seed germination remained at 
85%. The environmental conditions of the physical variables were emulated in the labor-
atory, and it was complex to maintain the values of temperature, humidity and soil mois-
ture constantly since there was no control of the physical variables in the traditional tech-
nique, which made it difficult to obtain the proper conditions for the development process 
of seed germination. 

A G% of 88% was obtained in a micro-greenhouse under conditions of 30.02 °C and 
77% for temperature and humidity in the present investigation. With these results, sesame 
seed sprouts grew with a VPD value of 0.93 kPa and soil moisture of 87%. In the work 
presented by [29], they tested germination in different varieties of sesame seeds at 25°C. 
The G% results that they obtained ranged between 71% and 97%. In another study [27], 
G% results in sesame seeds between 84% and 97% at 25 °C were presented. In the work 
presented by [26], G% results between 65% and 95% when applying uniform irrigation to 
sesame seeds are presented. The authors of [25] germinated sesame seeds at different tem-
peratures, obtaining their best G% at 25 °C with 73.8%. Crotalaria seeds have also been 
investigated under controlled conditions, as shown in the work of [53], where they ob-
tained a CVG of 2 at a temperature of 25 °C. Additionally, [57] studied bean seeds and 
obtained a T50 of 3.6 days when germinated at 25 °C. The previous works demonstrated 
that germinating under controlled conditions positively impacts the seed germination pa-
rameters; therefore, if the control algorithm maintains the VPD and soil moisture with 
precision at the appropriate value, the germination process benefits. 

3.3. Sprout Length Measurement 
In the micro-greenhouse, the longest sprout measured 137.82 mm, as shown in Figure 

7b, while the sprout obtained with the longest length using the traditional technique 
measured 60.79 mm, as can be observed in Figure 7c. The sprout with the longest length 
presented in the micro-greenhouse grew 77.03 mm more than the sprout obtained with 
the traditional technique. This is due to the controlled conditions of temperature and soil 
moisture, and seedling growth is favored by keeping these variables at optimum values. 
However, in the traditional technique, temperature ranged from 25 to 30 °C. In terms of 
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soil moisture, saturation occurred in the soil and after a few hours of water scarcity, which 
caused the seedling development to be limited by the oxygen obstruction to the seed and 
crest hardening. 

These results demonstrate an improvement compared to those obtained by [28], as 
they obtained sesame sprouts with a maximum length of 111 mm in the best of their treat-
ments at a temperature of 25 °C. In another study [27], results of 98.3 mm as the maximum 
length of sesame sprouts at 25 °C were reported. The authors of [26] obtained sesame 
sprouts with a maximum length of 105 mm, below the size obtained in the micro-green-
house. Additionally, [32] presented maximum sprout length results when soaked in water 
of 119.8 mm. 

3.4. Nutritional Value of the Sprout 
During the seed germination process in the micro-greenhouse, the protein content 

was significantly increased (p ≤ 0.05) by 9.7%. This increase may be due to dry matter loss, 
especially carbohydrates throughout the seed respiration process during germination. 
Simultaneously, the sprouts obtained using traditional techniques decreased the protein 
content in contrast to the ungerminated seeds. In work done by [31], reduction in protein 
content was demonstrated of 16% when germination time increased. In another study [35], 
25.11% sesame protein was presented. The authors of [32] soaked sesame seeds for 6 h 
before germination, and 19.31% protein was obtained. In the present investigation, the 
protein content in the micro-greenhouse was 25.4%. In the traditional technique, germi-
nation decreased significantly (p ≤ 0.05) compared to whole grain with 6.6% due to seed 
water absorption, as mentioned in [30]. In terms of the lipid content, there was a 30% de-
crease in the micro-greenhouse sprouts, obtaining 37.5% and 58% in the traditional tech-
nique sprouts; this reduction may probably be due to the use of lipids as an energy source 
during the germination process. For this reason, when the germination time is greater, the 
lipids percentage is lower. A similar result is presented by [31], where a reduction in lipid 
content of 19% was observed in sesame sprouts produced under conditions of 30 °C. 

The ash percentage increased significantly (p ≤ 0.05) in sprouts obtained in the micro-
greenhouse compared to traditional germination with 1.1% and 1.9% in whole grain. This 
increase is due to the nutrients contained in the soil in which the seeds were sown. Like-
wise, the 12 h soaking used for the sesame seeds before being sown did not cause a de-
crease in minerals; [31] obtained ash results in sesame sprouts between 3% and 5% in con-
ditions of 30 °C, presenting a considerable ash reduction caused by pre-germination soak-
ing. Additionally, [35] presented 5.2% ash content for sesame sprouts in 35 °C temperature 
conditions. The moisture content increased considerably in the micro-greenhouse with 
6.8% compared to the traditional technique and 79.9% in whole grain, possibly due to the 
seeds’ water absorption, causing moisture to increase proportionately in high germination 
times. In the investigation by [31], a decrease in moisture content when germinating ses-
ame seeds was reported. Table 6 shows the protein, lipid, ash and moisture analysis of the 
whole grain and sesame sprouts collected in the micro-greenhouse and traditional tech-
nique. 

Table 6. Nutritional sesame sprout value. 

Technique Protein (%) Lipids (%) Ash (%) Moisture (%) 
Whole grain 22.3 ± 1.5 b 54.3 ± 2.1 a 4.8 ± 1.1 c 10.2 ± 1.5 c 

Micro-Greenhouse  25.4 ± 2.2 a 37.5 ± 2.1 b 6.7 ± 1.3 a 90.1 ± 1.2 a 
Traditional  15.7 ± 1.7 c 22.8 ± 1.8 c 5.6 ± 1.1 b 83.3 ± 1.6 b 

The values are the measure (a,b,c are the comparisons between the rows) of five independent exper-
iments. Different letters indicate statistical differences (p < 0.05). 
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4. Conclusions 
In this research, sesame seeds were germinated in a micro-greenhouse and with a 

traditional technique. Proper seed germination depends on the physical conditions in 
which it is sown. For this reason, the effect of VPD was analyzed in two different tech-
niques, resulting in an improvement in the physical properties of sesame sprouts, the 
length of the sesame sprout seedling and its nutritional value compared to the traditional 
technique. A 56% improvement in the germination percentage, 9.7% in protein content 
and 14.7% in ash content were obtained in the micro-greenhouse in comparison with the 
traditional technique. This was achieved using FL and NN for VPD control and PID for 
soil moisture control in the micro-greenhouse. 

This study is presented as an alternative for the production of sesame sprouts where 
two options for direct use are proposed, one for food due to the increase in nutritional 
value, whose main focus is on the health of the population, and the other for agricultural 
purposes, producing seedlings in less time and of better size than traditional germination 
processes. With these results, the bases are established for future studies in pilot-scale 
systems for sprout production. 
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