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EDITORIAL   
 
 

Tinerii cercetători și rolul lor vital în dezvoltarea domeniilor 

inteligente din România  

Cercetarea științifică și tehnologică reprezintă coloana vertebrală a 

progresului societății noastre moderne. În România, tinerii cercetători au 

devenit un motor important al inovației și dezvoltării în domeniile de 

specializare inteligentă, aducând contribuții semnificative la evoluția 

acestora. Ei reprezintă o sursă de talent și energie creativă, care nu doar 

că transformă mediul academic, dar și contribuie la dezvoltarea 

economică și socială a țării. În acest editorial, voi arata importanța tinerilor 

cercetători în dezvoltarea domeniilor inteligente din România și impactul 

lor asupra societății. 

 
 
 

 
Dr. Ing. Gabriela Matache 

REDACTOR ȘEF 

România a realizat progrese semnificative în ceea ce privește crearea unui mediu propice 

pentru cercetare și inovare. Tinerii cercetători beneficiază de o infrastructură modernă, programe 

de finanțare și susținere instituțională, care îi încurajează să-și urmeze pasiunea și să-și dezvolte 

abilitățile în domeniile de specializare inteligentă. Acest lucru le oferă oportunități unice de a-și 

transforma ideile în realitate și de a contribui la progresul științific și tehnologic al țării.   

Un domeniu-cheie în care tinerii cercetători din România și-au adus contribuția este 

inteligența artificială (IA). Prin abordarea domeniului IA, aceștia au dezvoltat algoritmi avansați de 

învățare automată, au aplicat tehnici de învățare profundă și au explorat aplicațiile practice ale IA 

în diverse sectoare, cum ar fi sănătatea, transportul și securitatea. Astfel, tinerii cercetători au pus 

România pe harta inovației în domeniul IA și au contribuit la creșterea competitivității țării noastre 

în economia globală. 

Un alt domeniu deosebit de important în care tinerii cercetători din România s-au remarcat 

este biotehnologia. Ei au aplicat cunoștințele pe care le dețineau în biologie, chimie și inginerie 

pentru a dezvolta soluții inovatoare în medicină, agricultură și protecția mediului. Prin intermediul 

cercetărilor lor, aceștia au contribuit la îmbunătățirea calității vieții și la rezolvarea problemelor 

complexe cu care se confruntă societatea românească în aceste domenii.  

Contribuțiile tinerilor cercetători în dezvoltarea domeniilor inteligente au un impact 

semnificativ asupra societății și economiei. Prin inovația lor, aceștia generează noi idei și soluții 

care pot îmbunătăți calitatea vieții oamenilor, pot crea locuri de muncă și pot stimula creșterea 

economică. Mai mult decât atât, acești tineri cercetători devin modele și inspirație pentru 

generațiile următoare, atrăgând și motivând alți tineri să se implice în cercetare și inovare. 

În concluzie, ceea ce trebuie să stim este că tinerii cercetători reprezintă o resursă 

valoroasă pentru dezvoltarea domeniilor inteligente din România. Talentul și pasiunea lor, 

combinate cu sprijinul instituțional și infrastructura modernă, contribuie la avansul științific și 

tehnologic al țării noastre. Prin inovațiile lor în domeniul inteligenței artificiale, biotehnologiei și 

altele, acești tineri cercetători au un impact pozitiv asupra societății și economiei, deschizând noi 

perspective și posibilități pentru România. Este esențial să continuăm să îi susținem și să îi 

încurajăm pe tinerii cercetători, pentru a asigura un viitor promițător pentru domeniile de 

specializare inteligentă în țara noastră.   

 



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 2/2023) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

  
6 

 
  

 
EDITORIAL   
 
 

Young researchers and their vital role in the development of 

intelligent domains in Romania  

Scientific and technological research is the backbone of the 

progress of our modern society. In Romania, young researchers have 

become an important engine of innovation and development in the 

fields of intelligent specialization, making significant contributions to 

their evolution. They represent a source of talent and creative energy, 

which not only transforms the academic environment, but also 

contributes to the economic and social development of the country. In 

this editorial, I will talk about the importance of young researchers in 

the development of intelligent domains in Romania and their impact on 

society. 

 
 
 

 
Ph.D.Eng. Gabriela Matache 

EDITOR-IN-CHIEF 

Romania has made significant progress in creating an environment conducive to research 

and innovation. Young researchers benefit from modern infrastructure, funding programs and 

institutional support that encourage them to follow their passion and develop their skills in areas of 

smart specialization. This gives them unique opportunities to turn their ideas into reality and 

contribute to the scientific and technological progress of the country.   

A key field in which young researchers from Romania have made their contribution is 

artificial intelligence (AI). By approaching the field of AI, they have developed advanced machine 

learning algorithms, applied deep learning techniques, and explored the practical applications of AI 

in various sectors such as health, transportation, and security. Thus, the young researchers put 

Romania on the map of innovation in the field of AI and contributed to increasing the 

competitiveness of our country within the global economy. 

Another particularly important field in which young researchers from Romania have stood 

out is biotechnology. They applied their knowledge in biology, chemistry and engineering to 

develop innovative solutions in medicine, agriculture and environmental protection. Through their 

research, they have contributed to improving the quality of life and solving the complex problems 

faced by Romanian society in these sectors.  

The contributions of young researchers in the development of smart fields have a 

significant impact on society and the economy. Through their innovation, they generate new ideas 

and solutions that can improve people's quality of life, create jobs and stimulate economic growth. 

Moreover, these young researchers become role models and inspiration for the next generations, 

attracting and motivating other young people to get involved in research and innovation. 

In conclusion, what we need to know is that young researchers represent a valuable 

resource for the development of intelligent domains in Romania. Their talent and passion, 

combined with institutional support and modern infrastructure, contribute to the scientific and 

technological advancement of our country. Through their innovations in the field of artificial 

intelligence, biotechnology and others, these young researchers have a positive impact on society 

and the economy, opening new perspectives and possibilities for Romania. It is essential that we 

continue to support and encourage young researchers in order to ensure a promising future for the 

fields of smart specialization in our country.    
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Hydraulic System of Return Backlash Takeover with Pressure Bearing 
and without Rotary Fitting 

Prof. PhD Eng. Anca BUCUREȘTEANU1,* 

1 University POLITEHNICA of Bucharest  

* ancabucuresteanu@gmail.com 

 

Abstract: This paper makes a brief presentation of the systems of return backlash takeover currently used in 
the kinematic chains for circular feed in machine tools but also of a new system patented by the authors. 
This system is uncomplicated, effective and simplifies the kinematic chains of the machine tools. It can be 
applied to vertical lathes that can make milling operations too because it allows the overlapping of the 
kinematic chain for turning operations with the circular feed kinematic chain for boring or drilling operations. 
The system comes as a result of minimum modifications of the final pinion and can be used for all machines 
remanufactured but for the brand-new machines too. With minor constructive modifications, this system can 
be also applied in the feed and positioning kinematic chains for linear feed movements that use rack and 
pinion mechanisms. 

Keywords: Machine tools, hydraulic system for backlash takeover 

1. Introduction. Influence of the return backlash on the accuracy of the kinematic chain for 
positioning/feed [1] 

Figure 1 shows the crown and pinion mechanism used in most vertical lathes and rotary tables as 
the final mechanism of the kinematic chain for feed/positioning (C axis). 
 

 

Fig. 1. Return backlash of the crown and pinion mechanism 
 

Pinion 1, with center O, teeth Z0 and rolling diameter D0 engages crown 2, according to the sense 
in the figure above. The crown has the center O1, teeth Z1 and rolling diameter D1. If the transfer 
ratio of the mechanism is i we can write down: 𝑛1𝑛0 = 𝐷0𝐷1 = 𝑍0𝑍1 = 𝑖      (1) 

The flank clearance for this gearing is j. Because of this clearance, when the rotation sense at 
pinion 1 is changed, there is a delay between the return control moment and the effective 
performance of this one. If this clearance j is not constant, it cannot be compensated by the 
electronic equipment [2]; this situation affects the machining and positioning accuracy. 
The error ε that will occur depends on the position of the machined surface related to the rotation 
center O'.  
Many vertical lathes that have the table diameter in the range from 1200 to 4000 mm use the 
backlash takeover systems with two pinions having the same axis. 
Figure 2 shows how they operate. 

1
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O

D0
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j

Z1

D1
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Fig. 2. System of backlash taking over with two coaxial pinions with hydraulic tensioning 
 

Pinions 1' and 1'' are identical; they have the same number of teeth Z0 and the rolling diameters Do. 
They turn in the same sense related to the center O' = O'' but they are tensioned relatively through 
the agency of the hydraulic motor HM and they are gearing with crown 2, having teeth Z1 and the 
rolling diameter D1, on opposite flanks, in the points M1 and M2. Due to pressure p of the hydraulic 
motor, the gearing is made in the points M1 and M2, simultaneously but on opposite flanks. In these 
conditions, even if there is the backlash j, when the rotation sense changes at the two pinions, the 
contact between the crown and the pinions system is permanent. The hydraulic unit HI provides 
the pressure p that causes the apparition of the opposite forces Fp.  
The construction of the system is compact and is schematically shown in Figure 3. 
 

 

Fig. 3. Construction of circular feed box 
 

Pinions 1' and 1'' turn the crown 2 that is secured to table 7. Movement is brought from the electric 
motor to the duplex worm 6 that engages with the wormed gear 5. On the shaft III there is also 
located the vane-type hydraulic motor 3 and the electric clutch 4. When table 7 is rotated by the 
main kinematic chain (not shown in the figure above) the hydraulic unit is stopped and the coupling 
4 is not actuated. If one wants to use the kinematic chain for circular feed, it is necessary to start 
the hydraulic unit and to actuate the clutch 4. Pinions 1' and 1'' are tensioned and positioned on the 
opposite flanks of crown gear 2. Oil is supplied by the lower part of the construction by means of a 
rotary fitting.  
By disabling the electric clutch 4, the pinions 1' and 1'' start to rotate freely during the turning 
operations; in this case, crown 2 takes over the movement from another pinion, not shown in 
figure, from the main kinematic chain. Such a feed box is shown in Figure 4. Notations are the 
same as in the previous figure. 
 

2

j

1' 1"

EOM

HI
p

T
p0

O'O"

D0
Z 0

Z 0

O1

D1

Z1

FP
FP

M1

M2

i=Z  /Z  <1/1010

HM

6

5

3
1"
1'
2

7

4

i=Z /Z <1/100 1

T

O'
O"

n2

i
n1Z0

Un0I

I

II
III

q Z

CO1

Z1

p HI



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 2/2023) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

  
9 

 

  

 

 

Fig. 4. Circular feed box with backlash taking over by relative tensioning with a vane-type hydraulic motor 
 

The gear box and the circular feed box can be included in a small construction such as in Figure 5. 
Gear box is provided with a backlash takeover system and is used for a CNC vertical lathe with the 
table of 5600 mm. During turning operations, the tensioning hydraulic system is not actuated. The 
movement gets to pinions 1' and 1'', which have parallel shafts [1], directly from the main motor via 
the gear box GB. In order to use the circular feed system, it is necessary to disconnect the main 
motor, to actuate the backlash takeover system and to couple the feed motor. This one brings the 
movement to the crown gear 2 by means of the toothed belt GB transmission. 
 

 

a.      b. 
Fig. 5. Backlash takeover system with parallel shafts pinions integrated in the gear box 

 
Among the disadvantages of the systems above it can be mentioned: 
- the need for two motors, one for driving the main kinematic chain and one for the feed kinematic 

chain; 
- existence of an electromagnetic coupling that is activated only when using the feed kinematic 

chain; 
- use of a rotary distributing coupling (fitting). 

2. Backlash takeover system provided with two pinions, hydraulic piston, pressure bearing 
and without rotary coupling [3, 4, 5, 6] 

In the case of the vertical lathes, the main kinematic chain is ended by a pinion as shown in Figure 
6, which engages with the gear clamped on the table. 
Pinion 1 is supported on the bearings 3 related to bed 2. The pinion drives the gear on teeth flanks 
corresponding to the direction of rotation. When stopping or reversing the direction, the contact 
flanks are changed because of the functional backlashes, resulting in positioning errors. 
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Starting from the construction of the pinion presented in Figure 4, it is possible to achieve a variant 
that allows to take over the return backlash only when necessary, thus for accurate positioning and 
milling operations. 
 

 

Fig. 6. Pinion that engages with the toothed gear in vertical lathes 
 

In terms of vertical lathes, the crown and pinion mechanism belongs to the main kinematic chain in 
the case of turning operations and to the circular feed kinematic chain for the milling operations. 
Figure 7 shows schematically the new variant patented by the authors and how it operates. 
 

 
a.      b. 

Fig. 7. New system of backlash takeover without rotary fitting 
 

The main pinion 3 and the secondary pinion 5, which are identical in terms of teeth geometry, 
receive the rotation movement from the spline shaft 1. This one is supported on bearings related to 
bed 4 and receives the movement from the main kinematic chain, identical in this case with the 
circular feed chain of the machine. Support 9 is clamped to the bed by means of the screws 8. 
Piston 10 operates axially related to support 9 when it is supplied with oil at pressure p on the path 
P. The value of the supply pressure is displayed on manometer M. The axial positioning of pinion 3 
is performed by means of the distance plate 2. By means of the pressure bearing (axial) 6, piston 
10 presses pinion 5. The construction is centered by the radial bearing 7. The pins 12 prevent the 
rotation of piston 10. 
During the turning operations, pinions 3 and 5 operate on the same flank of the crown 11; in this 
case, the system is not supplied with oil. For the milling operations, oil at pressure p will be brought 
on P path. The oil under pressure drives the piston 10, of diameter D, pushing it downward. The 
two pinions 3 and 5 have inclined teeth [7, 8, 9] same as the driven crown 11. For this reason, 
pinions will operate on different flanks at driven crown 11, taking over the backlash. Any losses are 
recovered in the bed of the machine that is also the oil tank of this one. 
If the angle of inclination of teeth related to the vertical is β, the following equations can be taken 
into consideration: 

1

2
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4

2D
pF





 (2) 

sin

A
N

F
F   (3) 

ctgFF AT   (4) 

In the equations (2) ÷ (4) it was noted: F - axial force, FN - normal force at teeth, FT - tangential 
force. 
Force F is dimensioned so as to ensure the permanent takeover of the backlash regardless of the 
instantaneous value of the torque reduced at pinion level.  
Figure 8 shows the kinematic diagram of this construction, keeping the same notations above. 
 

 
a.     b. 

Fig. 8. Kinematic diagram of the backlash takeover system without rotary fitting 
 

In the absence of pressure p, the two pinions are not tensioned (p = 0, F = 0). If we take into 
account the direction of rotation shown in the figure above, we notice that the meshing is 
performed only on the right side flanks (R) of the pinions. If the system is supplied with oil at 
pressure p, for the same direction of rotation, the two pinions are placed on the opposite flanks of 
the crown gear. The upper one transmits the movement on the right flank (R) and the lower one on 
the left one (L).  
Specific to this system [6] is that the backlash is taken over because of the axial relative movement 
of two pinions with inclined teeth. The relative pushing down is made by means of a pressure 
bearing (axial) [10], which reduces the frictions and allows the elimination of the rotary fitting [5]. 
The pressure with which is taken over the backlash is introduced directly in the assembly mounted 
and not in other motor (linear or rotary) as in other versions; the same mechanism is used for 
turning operations (deactivated) and for milling operations (activated). Compared to the solutions 
presented above but also to a system previously patented [5] the new system has the advantage 
that it does not require a rotary fitting.  
This solution allows the use of a single electric drive motor for both turning and milling operations 
and of a single coupling with the crown gear. In terms of kinematics, the new and modern 
machines that use such systems are much simpler. 
Figure 9 shows the kinematic diagram of a vertical lathe equipped with a classic system for 
backlash takeover provided with two drive motors. 
In Figure 9 there were noted: 1 - machine bed, 2 - electric motor for the main kinematic chain (M1), 
3 - gear box for turning operations, 4 - crown and pinion mechanism without backlash takeover for 
the main kinematic chain, 5 - machine table, 6 - backlash takeover system with two tensioned 
pinions with vane-type hydraulic motor (with big losses) for the feed kinematic chain, 7 - feed box 
(constructively complicated and expensive), 8 - rotary fitting, 9 - electric motor (M2) for actuation of 
feed kinematic chain, P - pressure intake port, at the rotary fitting level. 
Motors M1 and M2 are driven successively, depending on the operations performed: M1 for 
turning, M2 for milling, drilling or positioning. 
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Fig. 9. Kinematic diagram of the main kinematic chain and of the circular feed chain in a vertical lathe 
equipped with a standard gear box and a circular feed box 

 
The return backlash takeover system with pressure bearing and without rotary fitting, if used for 
modern machine-tools, equipped with two speed gear box [2, 7], leads to the simplification of the 
kinematic diagram as shown in Figure 10. 
 

 

Fig. 10. Kinematic diagram of the main kinematic chain and of the circular feed chain in a vertical lathe 
equipped with hydraulic system for return backlash takeover system with pressure bearing and without rotary 

fitting 
 

In Figure 10 there were noted: 1 - bed of the machine, 2 - toothed belt transmission, 3 - feed and 
gear box, 4 – ONLY ONE electric motor for turning and milling (M1), 5 - the new system for 
backlash takeover without rotary fitting, including the two pinions pushed down by the pressure 
bearing, that meshes with the crown gear, 6 - table, P - pressure intake port that does not require a 
rotary fitting.  
Both speed steps are used for the turning operations (usually i1 = 1/1 and i2 = 1/4 [2, 7]). For 
positioning or machining operations that require C axis it shall be used only the second step of the 
gear box. In this case, the circular feed speed is adjusted by means of the variator of motor M1 [2]. 
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The hydraulic unit that supplies the backlash taking over system shall include a pump of lower flow 
than in the case of the system shown in Figures 3 and 4 because, unlike the cane-type hydraulic 
motor, the patented system has no losses. The unit shall be equipped with a pressure regulating 
valve and elements for monitoring this one. In Figure 11, the basic hydraulic diagram is shown.  
 

 

Fig. 11. Hydraulic diagram of backlash takeover system 
 

The electric motor (EM) 4 drives the constant flow pump (P) 3. This one sucks in oil from the tank 
(T) 1 through the strainer (SF) 2. The oil pureness is ensured by the pressure filter (F). This one is 
provided with an electric indicator of clogging. The oil coming out of the filter supplies the plate 10 
on which are located the pressure valve (PV) 6 and the distributor (DV) 7. Path A of the plate 
supplies the cylinder for backlash takeover 11. This one presses relatively the two semi-pinions via 
the pressure bearing 10. Path B of the plate 11 is directly connected to the tank. To view the 
general pressure and the pressure in the backlash takeover cylinder one shall use the manometers 
(M1 and M2) 8 and 15 respectively. The electric confirmation of existence of the required pressure 
is performed by the pressure relay (PS) 9. In the figure above there are also noted: 12 – crown 
gear, 13, 14 – table supporting on bearings. If the electromagnet S1 is actuated, the system is 
uncoupled and the turning operation is made. In this case the electric motor (EM) 4 can be stopped 
too. If positioning or milling operations must be made (with interpolation of axes [7, 9, 11]) it is 
necessary to actuate the electromagnet S2. Usually the pressure adjusted at the pressure valve 
(PV) 6 does not exceed 60 bar. In order to achieve turning operations exclusively, the electric 
motor is stopped. To achieve only milling operations, the motor is started and the electromagnet S2 
is actuated about 10 - 15 s; afterwards the voltage is cut off. If turning and milling operations are 
performed alternatively, for short time, the electromotor does not stop; only the electromagnets S1 
and S2 shall be actuated, depending on needs. 
The backlash takeover system presented hereby can be applied to brand-new machines or 
remanufactured ones, with the table up to 5000 mm. For larger size vertical lathes it is 
recommended to use the electric takeover of return backlash [1, 12]. 

3. Conclusions 

In the case of positioning and machining operations with interpolation of axes performed on vertical 
lathes it is necessary to have systems of return backlash taking over included in the circular feed 
kinematic chain. 
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Usually, to enable fast and easy setup, these systems are driven hydraulically. 
On most machines CNC type, the main kinematic chains and the circular feed kinematic chains 
have different motors. They are operated depending on the type of operation that is performed. 
By using the patented backlash takeover system, in some cases, these two kinematic chains can 
be driven by a single motor. 
With the patented system, the backlash takeover is made by a piston and not by vanes as in some 
existing variants. The system with piston has no losses, which reduces the required flow to the 
pump and thus the driving motor power. The possible losses must not be recovered by special 
elements, as they have direct access to the machine oil tank, located in the bed of the machine. 
The coupling and uncoupling of this system is easy, without requiring other elements operated 
hydraulically or electrically. 
The system can be applied to the vertical lathes with table in the range of 1200 ÷ 4000 mm. 
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Abstract: Cyclones are used to remove solid particles larger than 5 μm from impure industrial gases. They 
are simple constructions, without moving parts and easy to maintain. In the use of such equipment, main 
interest is to evaluate the pressure drop in the cyclone and the efficiency of separation. Ensuring a high 
value of the pressure drop involves high energy consumption, aiming to increase the separation efficiency. 
Many studies, exposed in the content of this work, have been carried out, in the sense of the above topic, for 
pressure loss assessment. The results of the empirical formulas, proposed over time, were compared, in the 
specialized literature, with those offered by the experimental results, obviously for practical cases of great 
interest. 

Keywords: Cyclones with tangential feed, pressure drop  

1. Introduction  

Cyclones are among the simplest systems used for dedusting dry gases in various industrial 
sectors. Among these, the ones with tangential feed of impurified gas stood out. 
The design of the cyclones considers their geometry, the flowrate of the impurified gas and the 
number of revolutions/rotations in the downward movement. The theory developed [1] proved to be 
useful in the practical design of cyclones. This theory refers to the fact that the velocity profile in a 
cyclone does not strictly adhere to the ideal, uniform shape. Any design method is based on 
theories that depend on the accuracy of the evaluation of the collection efficiency and the pressure 
drop in the cyclone. The two characteristics represent two major criteria regarding the performance 
of a cyclone. Both are dependent on the dimensions of the cyclone, the height and width of the 
entrance (ab – Figure 1), the diameter of the gas outlet De, the length of the outlet pipe S , the 
height of the cylindrical area h the height of the cyclone H  and the diameter of the collected dust 
outlet pipe B .  
Over the time, several simplified models and empirical correlations have been proposed for the 
design and evaluation of cyclones, the essential requirement being that of correlation with the 
concrete characteristics of each equipment [3]. The reference to the performance of a cyclone 
considered as a "landmark" leads, in the end, to a faulty design, since each cyclone has a specific 
behavior, according to the unique physical properties of the impurified gas flow [4]. The 
Computational Fluid Dynamics (CFD) method has become a powerful instrument in the design and 
evaluation of cyclones due to the rapid advances in computer technology [42]. This technique 
provides a great potential to predict the characteristics of the fluid flow, the trajectory of the 
particles and the pressure drop in the cyclone [3]. The accuracy of the numerical modeling of a 
turbulent flow depends primarily on the selection the appropriate turbulence model [3]. The long 
analysis time and therefore the high computational cost has been a major obstacle in the 
simulation of cyclones. In the present, thanks to the increased processing performance of 
computers, at a relatively low cost, it has become possible to simulate cyclones with greater 
precision [5, 6]. 
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The capacity of a cyclone is determined by the value of the area of the feed pipe (ab – Figure 1), 
and the inlet velocity of the gas to be cleaned. This is, mainly, in agreement with the connection 
between the main dimensions of the cyclone and its pressure drop. 
Note: The first studies on the characterization of cyclones were carried out between 1930 and 
1950 (Alexander R. McK – 1949, Ter Linden A. J. – 1949) [16]. 
 

 

Fig. 1. Construction and characteristics of a cyclone [2] 

2. Expressions for the height of the impure gas column  

This characteristic (a major criterion regarding the performance of a cyclone [10]) varies with the 
square of the inlet gas velocity and is conveniently expressed by the height of the gas column [2]: 

( )22 ,g iH p v =                                                                 (1) 

where p  is the pressure drop between the gas inlet and outlet of the cyclone, g   - gas density, 

and iv  -  the gas velocity at the cyclone inlet (the optimal input speed recommended by Abdel – 

Hadi M. A. – 2014 [41] is 18.5m s , respectively 18.0 m s  - Chuah T. G., Gimbun J., Choong  Y. 
S. T. – 2003 [41]); the inlet velocity of the impure gas is primordial – Schnell K. B, Brown A. C. – 
2002 [41].   
Note: In paper [11], the density of the mixture of gas and particles p g −  is used instead of the gas 

density p , a suggestion belonging to the authors Shepherd C. B., Lapple C. E (1951). 

Note: In papers [13 - 16], the following relationships are indicated for the calculation of the 
parameter  H: 

2

eH K a b D =   - Shepherd C B. and Lapple C. E. (1939)                 (2) 

Note: The values of K are: 16K =  for cyclones with standard tangential inlet [11]; 7.5K =  for 

cyclones that have a vane at the entrance to change the geometry of the impure gas inlet section 
[16, 17]; 12 ...18,K =  for cyclones with tangential entry [15]. 

( )2
211.3 3.33eH a b D =   + - Casal J. and Martinez – Benet J. M. (1983);              (2) 1  

29.47 eH a b D =    - Coker J. K. (1993),      (2) 2 

configurations specified in the paper [13]. 

2. 1. The theory of STAIRMAND C. J. (1949) 

According to this theory, the height of the gas column is calculated with [2, 9, 17, 21, 22]: 
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( ) ( )2 2 21 2 2 1 2.548 ,e eH D b D a b D = +     − −  +                           (3) 

where   is the ratio of the tangential velocities: 

( ) ( ) ( )
( )

2 4 2
,

2

e eD D b f A a b D D b

f A a b

  −  +    −   −     =
  

                        (4) 

where  is the friction coefficient, whose value, established by Stairmand C. J. (1949), is 0.005, 
and A  is the area of the internal surface of the cyclone exposed to the spin movement of the gas 
[22]: 

( ) ( )2 20.785 3.14e eA D D D S D h=  − +   +  +  

( ) ( ) ( )2 21.57 2 ,D B H h D B+  +  − +  −                                        (5) 

with the geometric notations specified in Figure 1. 

2. 2. The theory of ALEXANDER R. McK (1949) 

The same bibliographic sources [9, 16, 21] also present the expression of the parameter H , 

attributed to Alexander R. McK (1949), written in the form: 

2 2

1
4.62 1 ,

n n

e e e

a b D n D
H f

D D D n D

         −   =   −  +                 
                              (6) 

in which represents the friction factor having the expression: 

( ) ( ) ( )2 2 21 1 1
0.8 4 2 0.2 2 1 1.5 2 ,

3 1

n n nn n
f

n n n n

   − − =   − − +   − +      −    
            (7) 

in this expression n  is calculated using the equations: 

0,140.263 .n R=                                                             (8) 

Experimentally, it was found that the exponent  can be expressed by the relation [24, 43]:  

( ) ( )0,30,141 1 0.67 283 ,n D T= − −                                                 (9) 

T  representing the absolute temperature of the polluted gas, in K , and D  - the inner diameter of 
the cylindrical part of the cyclone, in meters. The above relation is attributed to Alexander R. McK. 
(1949) [9, 11, 16, 21]. 
Note: In paper [25] a slight modification of the expression for n  is presented in the form: 

( ) ( )0,30,141 1 0.50 283 ,n D T= − −                                                      (10) 

attributed to the authors Li E., Wang Y. (1989), where  is measured in meters; the paper [26] 
proposes the formula: 

( ) ( )0,30,141 1 0.016 283 .n D T= − −                                            (11) 

Note: In the paper [27], the equality .n n

tv R v R ct =  = is specified for the free vortex of the gas 

inside the cyclone, delimited by a radius  that separates it from the forced vortex 
( 0.5a r D R   = ), D  representing the inner diameter of the cyclone; for 0 r a  , the equality 

.tv r ct =  is assumed. Works [16, 28, 29] present the correlation of the type 

( ) ,
n

t iv R r v=  where iv  represents the velocity at de feed of the cyclone with impurified gas. 

Shephers C. B. and Lapple C. E. – (1939) - give the value 0.5n =  [28].  
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If the cyclone works at different temperatures, the exponent can be determined from the 
relationship: 

( ) ( )1 2 1 21 1 .n n T T− − =                                                 (12) 

The paper [17] offers the conclusions of the authors Miller I., Freund J. E. (1965) that specifies 
that the results obtained for the evaluation of pressure loss using the methods Sheperd C. B., 
Lapple C. E. (1940), Staimand C. J. (1949), Barth W. (1956) are close to other experimental 
research. The values obtained by Alexander R. McK. and First M. W. are less precise. 

2. 3. The theory of FIRST W. M. (1949, 1950) 

In the papers [9, 21] is indicated the expression of the factor H  written in the form attributed to 

First W. M. (1949, 1950): 

( ) ( ) 1 3
2 224 eH a b D D h H h =      −   .                                          (13) 

Note: In the paper [17] the following expression is indicated:  

( ) ( ) 1 3
2 212 ,eH a b Y D D h H h  =       −                                 (14) 

where the values for the constant Y  are as follows: 0.5Y = - for cyclones with free entry of the 
impurified gas; 1.0Y =  - for cyclones with fixed vane at the gas inlet; 2.0Y = - for cyclones with 

adjustable vane at the gas inlet in the cyclone. 

2. 4. The theory of BARTH W. (1956) 

In accordance with this theory, H is calculated with the expression [2, 17, 18]: 

( ) ( ) ( )22 2

0 01.274 ,t e iH v v a b D   =     +                           (15) 

where: 

               ( ) ( ) ( )0 1.57 2 ,t ev v D D b a b h D b  • =   −   +   −                            (16) 

tv  is the tangential speed of the gas vortex, ov - the tangential speed of the gas at the exit of the 
cyclone,  − a factor characterizing the entry into the cyclone [16, 18]:  

                1 1.2 ,b D = −                                                               (17) 

the expression being attributed to Muschelnautz E. (1972) [16]; h • − the height of the vortex in 

the central area of the cyclone, which depends on the cyclone’s dimensions [16, 18]: 

,h H S• = −  for   ;eD B                                                           (18) 

( ) ( ) ( ) ,eh H h D D D B h S• = −  − − + −      if  ;eD B                      (19) 

i  - pressure loss factor at the cyclone inlet [17]: 

( ) ( ) ( ) 2

01 2 1 ;i e t eD D v v D h 
−• =  −    −                          (20) 

0  - pressure loss factor at the exit of the cyclone [17] 

                    ( ) 2 3

0 04.4 1,tv v
−

=  +                                                   (21) 

and   is the friction coefficient (estimated by Barth W. (1956) to be 0.02 = ) [16, 17]: 

( )1 2 ; 1.0 ;g s i s ic c =  +     ( )1 3 ; 1.0 ,g s i s ic c =  +                   (22) 
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where 
s ic  represents the concentration of particles in the mass of gas (mass of particles/mass of 

gas); 0.005g =  for high values of number Reynolds O. (b. 1842 – d. 1912) [16]. 

2. 5. The theory of DIRGO J. A. (1985) 

This is based on the analysis of the ratios of the characteristic dimensions of the cyclones and the 
experimental results obtained by Stairmand C. J. (1949, 1951 [30]), First M. W. (1949, 1950), 
Swift P. (1969), Hejma J. (1971) and others, using dimensional analysis with the relation [2]: 

,x y zH K A B C =                                                                       (23) 

where K  is a constant, , ,A B C are dimensionless ratios, and , ,x y z − exponent calculated based 

on experimental data.  
After processing the data, the following relationship was established [3]:  

( ) ( ) ( )2 3320 .eH a b D S D H B h D =                                             (24) 

Paper [31] indicates the following expression for calculating H  (with the dimensions provided by 

Figure 1), after the analysis of the constructive models proposed by Shepherd C. B. and Lapple 
C. E. (1940), Alexander R. McK (1949), First M. W. (1949), Stairmand C. J. (1949), Bart. W. 
(1956): 

( ) ( ) ( ) ( ) ( )0,99 0,35 0,34 0,35 0,33219.7 ,eH a b D S D H D h D B D
− − − =                    (25) 

or [31, 32]: 

( ) ( ) ( ) 1 3
2 320 ,eH a b D S D H B h D  =                                     (26) 

No significant differences between the results offered by the two expressions were obtained [31]. 

2. 6. The theory of HASHEMI B. S. (2003, 2006) 

The author suggests the following relationship for the evaluation of H [9, 21]:  

1 2 1 2

3 3 3

1 2 3

1

e

D N D N N N
H

D D cos cos cos  
   +

 =  + +  −  
,                                          (27) 

where 1 2 3, ,    represents the angle of the velocity vector for the fluid flow in the cylindrical part 

of the cyclone, the conical part and in the outlet pipe respectively, so that: 

( ) ( )2 1 ;t g t g si n  =   
( )3

1 2

0.318
H

t g
D N N

 = 
 +

,       (28) 

where (using notations from Figure 1): 

2 2

1 ;
4

eD h D S
N

a b D

 − 
=

  
   

( )
( )2 1 2

;
H h D

N N
h D sin 

 − 
 = 

   
    

( )
D B

D
l n D B

−
=  ,                     (29) 

  representing the slope of the cone generator with respect to the horizontal. 

Note: In the paper [16] some corrections of the parameter H are proposed, with an influencing 

factor of the concentration of solid particles p iC  in the impure gas fed at the cyclone inlet, 

HH H k•
 =   : 

( ) 0,51 1 0.0086H p i gk C 
 = +      - Briggs L. W. (1946) ;                          (30) 

( ) 0,61 0.02H p i gk C  = −   - Smolik J. (1975) ;                              (31) 

𝑡𝑔 𝛼1 = 0.318 ∙ ℎ𝐷 ∙ 𝑁1 ; 
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( )0,71 1 3.1 0.67H p i p ik C C = +  +  - Baskakov A. P., Dolgov V. N., Goldovin Yu. M. (1990). 

(32) 

Note: A detailed analysis of the total pressure loss in the cyclone structure is done in the papers 
[15, 33] – for 1D3D, 2D2D, 1D2D type cyclones and specific areas in the cyclone structure, 
respectively in the paper [22] – model Chen J. and Shi M. (2007). 

3. Expressions of pressure drop  

Note: Over time, many researchers, have suggested empirical formulas for cyclone pressure drop, 
such as: Shepherd C. B. and Lapple C. E. (1939), Alexander R. McK. and Stairmand C. J. 
(1949), First M. W. (1950), Bart W. (1956). Leith D. and Mehta D. (1973) compared through 
experiments and concluded that the best results were provided by the researchers: Shepherd C. 
B. and Lapple C. E. (1939), Stairmand C. J. (1949, 1951), Bart W.  (1956), superior to the 
research of Alexander R. McK (1949) and First M. W. (1950) [7, 8]. The expressions proposed 
vary greatly in complexity and in the degree to which they are based on empiricism rather than 
theory [9]. 
In the work [39], using the Texas A&M Design (TCD) method - a simple design method for 
cyclones, based on an "optimal" speed - for 1D3D and 2D2D type cyclones [33], the dependence 
of the pressure drop on the speed of gas entry into the cyclone is presented experimentally. 
The pressure drop total represents the difference between its value at the entry of the impure gas 
into the cyclone and the value of the pressure of the purified (clean) gas at the cyclone exit through 
the outlet pipe [40, 41]. 
For the domain 40 m<H<100 m (m – meters of gas column), the relation between the pressure 
drop and the capacity of the cyclone is [2]:  

        2 4

1 ,gp K Q D =                                                               (33) 

where 
1K  is a factor that includes the effect of the friction coefficient, Q − the capacity of the 

cyclone (gas flow), D − the diameter of the cylindrical part of the cyclone.  

If H  (the height of the gas column) is known, then the pressure drop in the cyclone can be 

determined using relation (1), after rearranging the terms, as [2, 12]: 

                           20.5 .g ip v H =                                                            (34) 

Relation (34) for the pressure drop calculation, is applicable to all cyclones, regardless of the 
method of determining the height of the gas column but depending on the theories developed for 
the pressure drop calculation. 
Note: a) In the work [22] H Eu = is identified with the number of Euler L. (b. 1707 – d. 1783). 

3. 1. The theory of SHEPHERD C. B., LAPPLE C. E. (1939) 

The papers [36 - 38] offers the following relationship for the calculation of the pressure drop p  

characteristic for a cyclone with tangential feed of the impurified gas: 

( )2 28 ,g i ep v a b D  =                                                           (35) 

in which are present: ,a b −  the height and width of the cyclone inlet; , eD D − the diameter of the 

cylindrical part of the cyclone, respectively of the purified gas discharge tube; g − the density of 

the impurified gas; iv − gas velocity at the cyclone inlet, calculated with the 

expression ( )i vv Q a b=  , where vQ  is the volumetric flowrate of the gas entering the cyclone.  

3. 2. The theory of STAIRMAND C. J. (1949) 

In the work [23] the following relationship is presented, noting that the results refer to the case of 
clean gases (not contaminated with dust): 
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                                        (36) 

where: ,i ev v −  gas velocity at the entrance to the cyclone, at the exit of the outlet tube 

respectively; ,t er r −  the radius of the central circumference at the entrance of the gas into the 

cyclone, respectively the radius of the gas outlet tube;  − dimensionless pressure drop factor. 

3. 3. The theory of BARTH W. (1956, 1964 ) 

The papers [19, 20] present another expression for evaluating the pressure loss in a cyclone, in the 
form: 

( ) 20.5 ,i e g ip v   =  +                                                      (37) 

in which 
i  reflects the contribution of pressure losses at the entrance to the cyclone and by 

friction, and 
e  the pressure loss under the conditions of the evacuation of the purified gas:  

( ) ( ) ( ) ( ) 4 3 22 3 ;i t e r e t e r ef u R u R u R u R =  +    +                     (37) 1 

( ) ( ) ( )  ( ) ( ) 21 ,e e t e e q r e e t e r eR R u R h u R R u R u R  =  −                 (37) 2 

where (Figure 1): 
-  ( )r eu R  radial velocity at the outer radius of the outlet pipe: 

( ) ( ) ( )0.159 ;r e r e v eu R w R Q R H S= =    −      2 ;e eR D=                   (38) 

- ( )t eu R -  tangential speed at the inner radius of the cyclone: 

( ) ( ) ( ) ( ) ( )20.318 ;t e t e e v e e e e q eu R w R v R Q R A R A R h R   = = =     +   (39) 

( ) ( ) 1 31 0.54 0.153 eA A b R = − −   −   Bohnet M. – (1984) [17]                (40)    

0.05 287.4 ;e tR = +      0.159 ;e q t eh A R R=                                (41) 

( ) ( ) 2 0.089 0.204 ;e t g g vR R Q a b b R =       −      2 ,R D=    (42) 

where:  correction factor;  friction coefficient, depending on the geometry of the impurified 
gas inlet and the inlet flow rate (Muschelnautz E., Brunner K. – 1967 [19]); e qh − the equivalent 

height of the cyclone; 2, , 3.14t o t e eA A a b A R=  =  − the internal area of the cyclone, the cross-

sectional area of the gas section in the cyclone, the cross-sectional area of the gas outlet; 
0.5R R b = −  − the average length from the gas inlet to the center of the cyclone. 

Note: Another formulation of the pressure drop calculation is presented in the paper [37]. 

3. 4. Cumulative pressure drop rating  

In the works [15, 33, 44] adequate details are given for the evaluation of the total pressure drop. In 
this sense, the corresponding sequential values are estimated for the obvious areas: the entry of 
the impure gas into the cyclone, the drop of kinetic energy along the descending spiral, the 
ascending spiral (up to the portion of the impure dust discharge tube located in the cyclone and the 
one up to the exit from the cyclone), as well as the pressure drop through friction between the 
particles and the inner surface of the cyclone. Cyclones with recognized geometry (1D3D, 2D2D, 
1D2D) are considered in the respective study. 

4. Conclusions  

This paper presents the opinions of different researchers, elaborated over time, referring to the 
evaluation of the pressure loss and the efficiency of cyclones with tangential, unilateral feeding. 
Known as a "dust separator", over a hundred years ago, current cyclones have found a well-
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deserved place in the field of dry dedusting of impure industrial gases. In some analyses, the 
density of the gas is neglected compared to that of the particles, in others it is not. Therewith, the 
influence of the geometry of the inlet of the impure gas in the cyclone, of the speed corresponding 
to the case, but also the influence of the speed at the exit through the outlet of the purified gas are 
specified. In the study of the kinematics of the vortex of the mixture inside the cyclone, the 
hypothesis of solid particles with smooth surfaces is accepted. The influence of friction with the 
inner surface of the cyclone is also considered, as well as the influence of temperature by means 
of appropriate parameters. 
Article [45] recommends an interesting constructive solution, namely the presence of rectangular 
“evasés”, respectively conical caps over the exhaust tube (radial outlet of pure gas). Such 
constructions can reduce the value of the total pressure drop and protect the inside of the cyclone 
from the effects of the weather. These structures will be of particular scientific interest for future, 
experimental and theoretical works. 
The results of the previously specified researches can lead to new analyses, both theoretical and 
experimental, in possible bachelor's, master's or doctoral theses. 
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Abstract: Extreme droughts are one of the biggest problems for agricultural and livestock activities 
throughout Mexico. These events have caused a decrease in income for producers due to the increase in 
input costs, which in turn causes an increase in the price of products and food for the poorest populations. In 
this research equations that allow us to estimate a normalized value of agricultural production in each state 
of Mexico were obtained. The equations were generated with optimization of their parameters using genetic 
algorithms and were taken as data from agricultural production records and drought indexes registered in the 
country. These, in turn, depend on the return period of drought events. These models can be used to 
estimate agricultural production given a drought with a given return period, which will help to take preventive 
actions against this problem. 

Keywords: Drought, genetic algorithm, agricultural production, regionalization, economic losses, drought 
indexes 

1. Introduction 

Drought is a meteorological event that is defined as the decrease or absence of rainfall compared 
to the annual rate [1]. This climatological phenomenon is present all over the world and is occurring 
with increasing frequency. Unlike other climatological phenomena, drought is an event that occurs 
slowly and inconspicuously [2]. For this reason, it is considered one of the most devastating natural 
disasters worldwide due to its long-term environmental and socioeconomic impact. The direct and 
indirect effects caused by this phenomenon are also increasing, with negative repercussions on 
different sectors such as water supply systems, the natural environment, agricultural, livestock and 
industrial production, among others [3]. The severity of the effects depends on the level of 
development, population density, demand for water and other natural resources, technological 
development, and the political system [4]. 
This meteorological phenomenon is considered to cause the greatest economic damage to 
humanity [2]. During the last 30 years, 470 drought-related disasters have been estimated around 
the world [5]. In economic terms, during the last 20 years, droughts have been the cause of the 
loss of 5 billion USD worldwide [6]. Approximately 1.4 billion people worldwide work in the 
agricultural sector, and for all of them droughts mean an obstacle to achieving a life of well-being 
[7]. 
In the year 2020, in the state of California, U. S., economic losses occurred around 15 billion USD 
due to droughts and wildfires. In Guatemala, El Salvador, Honduras and Nicaragua about 6.4 
million people lost their crops due to drought events [8]. European Commission, et al. 2020 [9] 
estimated in 2020 that the annual losses due to drought in the European Union and the United 
Kingdom are around 9 billion euros, with Spain (1.5 billion euros/year), Italy (1.4 billion euros/year), 
and France (1.4 billion euros/year) showing the highest losses. 
Droughts can occur at any time and place; however, there are specific areas of the Earth with 
greater susceptibility to the phenomenon, determined by their geographic location, based on 
latitude [10]. Mexico has a large part of its territory in the strip of high northern latitude pressure, so 
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52% of its territory is classified as arid or semi-arid [1]. During the drought period from 1970 to 
1978 that Mexico suffered, 30% of the Mexican territory had gone through the most severe drought 
period in history, and due to this event, there were deficiencies in the storage of water in several 
dams in the country, so there were several restrictions for sowing in irrigated areas. The economic 
losses of this event were estimated at 5 billion Mexican pesos [11]. These devastating events have 
been intensifying in recent years because of the climatological phenomenon known as "La Niña", 
which has spread over the last few years, with 2021 being the most severe episode of drought in 
the country since 2012 [12]. 
In nature, nothing is constant and predictable. When a natural event reaches its extreme 
conditions, it can be a risk for the inhabitants of a certain environment. In order to reduce the 
effects of any catastrophe, it is necessary to anticipate the behavior of these phenomena. In 2015, 
the study [13] obtained normalized equation models that allow determining the annual agricultural 
production in the states of Mexico for this same purpose and, like this study, generated equations 
using the records of drought indexes in the country and its agricultural production (but in Mexican 
pesos) with the genetic programming methodology. This study updates the equations obtained in 
[13] using more recent records of drought indexes and agricultural production (in tons), using the 
genetic algorithm methodology as a function of the return period.      

2. Methods 

2.1. Genetic Algorithm (GA) 

Genetic algorithms (GA) [14] are stochastic global search methods that use a metaphor of natural 
biological evolution and aim to find the optimal solution to a problem by applying the principle of 
survival of the fittest to produce increasingly better approximations to a solution. 
In each generation, a new set of approximations is created by the process of selecting individuals 
according to their level of fitness in the problem domain and reproducing them through operators 
taken from natural genetics. This process leads to the evolution of populations of individuals that 
are better adapted to their environment than the individuals from which they were created, just as 
in natural adaptation. 
Individuals, or current approximations, are coded as strings, or chromosomes, composed on some 
alphabet, so that genotypes (chromosomal values are uniquely mapped to the decision variable 
(phenotypic) domain. The most commonly used representation in GAs is the binary alphabet {0, 1}, 
although other representations can be used, e.g., ternary, integer, real-valued, to name a few. 
Examining the chromosome string in isolation yields no information about the problem we are 
trying to solve. Only by decoding the chromosome into its phenotypic values can any meaning be 
applied to the representation. 
Decoding the chromosome representation allows us to evaluate the performance or fitness of 
individual members of a population. This is done through an objective function that characterizes 
the performance of an individual in the problem domain. Thus, the objective function establishes 
the basis for the selection of pairs of individuals that will mate during reproduction. 
During the reproduction phase, each individual is assigned a fitness value derived from its raw 
performance measure given by the objective function. This value is used in selection to bias toward 
fitter individuals. Highly fit individuals have a high probability of being selected for mating. 
Once individuals have been assigned a fitness value, they can be chosen from the population to be 
crossed or mutated to generate a new population of processed individuals. Following this, the 
recombination operator intervenes to exchange genetic information between pairs or larger groups 
of individuals. After recombination, the mutation operator slightly transforms an individual, can 
avoid convergence and changes the search direction. Then, population replacement establishes 
the criteria for survivors at each generational iteration, depending on the selection and crossing 
methods used [15]. 

2.2. Data set 

The data used in the study were the agricultural production records, obtained from the SIAP 
platform (Servicio de Información Agroalimentaria y Pesquera) [16], and the records of the drought 
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indexes were obtained from the Meteorological Drought Monitor platform of CONAGUA (Comisión 
Nacional del Agua) [1] and from the study of [13].  

3. Results and Discussion 

The drought indexes were obtained from the Mexican Drought Monitor (MSM) of the National 
Meteorological Service (SMN). Data for the period December 2013 and July 2022 were recorded 
from the platform. Data prior to December 2013 were obtained from [13]. The information obtained 
from the MSM indicates the biweekly drought indexes. From this record, the annual average of the 
data was obtained. These enveloped percentages were reordered from highest to lowest as shown 
in Table 1. 
 
                                                                                         Table 1: Drought indexes in Mexico 

No. 
Without 
affection 

D0 to D4 D1 to D4 D2 to D4 D3 to D4 D4 

1 76.30 75.99 61.25 45.74 27.31 7.34 

2 75.75 62.13 38.84 22.39 7.95 2.42 

3 73.24 57.67 38.51 19.61 6.50 0.66 

4 70.70 53.84 30.84 15.53 5.23 0.65 

5 70.33 52.97 30.73 12.28 3.37 0.57 

6 68.37 47.68 28.04 10.87 3.14 0.15 

7 65.56 47.30 26.94 9.73 1.93 0.14 

8 65.43 47.17 23.76 9.59 1.85 0.14 

9 59.28 46.51 22.09 8.82 1.71 0.14 

10 54.39 45.61 17.87 7.41 1.58 0.09 

11 53.49 40.72 17.64 6.62 1.57 0.09 

12 52.83 34.57 14.16 4.68 1.06 0.07 

13 52.70 34.44 11.81 3.34 0.95 0.01 

14 52.32 31.63 10.57 2.31 0.66 0.00 

15 47.03 29.67 8.59 2.29 0.51 0.00 

16 46.17 29.30 8.28 1.93 0.39 0.00 

17 42.33 26.77 7.12 1.71 0.33 0.00 

18 37.88 24.26 7.01 0.99 0.12 0.00 

19 24.01 23.70 6.86 0.53 0.01 0.00 

 
The categorization of droughts, according to CONAGUA, is as follows: 

 Abnormally Dry (D0): not a drought category, but a dry condition indicating the beginning or 
end of a drought period. Immediate impacts ranging from delaying/limiting crop or pasture 
growth to the point where crops or pastures may not fully recover. There is a risk of fire. 

 Moderate Drought (D1): Perceptible damage to crops and pastures, a high risk of fire, and 
water body levels begin to drop. A voluntary restriction of water use is suggested. 

 Severe Drought (D2): Losses in agricultural production are now likely, where water is 
usually scarce. Water consumption restrictions should be imposed. 

 Extreme Drought (D3): Losses in agricultural production are greater, the risk of forest fires 
is extreme and scarcity forces general reductions in consumption. 

 Exceptional Drought (D4): Emergency situation due to total water shortage in reservoirs, 
streams and wells, agricultural production with extraordinary losses and exceptional risk of 
fires. 

From the Statistical Yearbook of Agricultural Production of the Agrifood and Fisheries Information 
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Service (SIAP) the record of annual agricultural production at the state level was obtained in tons 
from 2003 to 2021. The production values rearranged from highest to lowest are shown in Table 2. 

With the data in Table 2, the mean (�̅�), standard deviation (𝜎) and coefficient of variation (𝐶𝑣) 
were obtained for each state with the same equations used in [13], which are shown below (Eqs 1 
to 3). 
Mean. �̅� = ∑ 𝑋𝑖𝑛𝑛𝑖=𝑖

                                                   
(1) 

Standard deviation. 𝜎 = √∑ (𝑋𝑖−�̅�)2𝑛𝑖=𝑖 𝑛                                                
(2) 

Coefficient of variation. 𝐶𝑣 = 𝜎�̅�                                                     
(3) 

Where 𝑋𝑖  is a given agricultural production value and 𝑛 is the number of agricultural production 
values recorded. 
Six groups of states were formed according to the coefficient of variation. The intervals of the 
groups formed are shown in Table 3. 
The agricultural production values in Table 2 were normalized by dividing each production value by 
the calculated mean. For example, for the state of Veracruz, the highest normalized value is: 
30.073 / 26.609 = 1.13. The normalized values are shown in Table 4. 
 
                                               Table 2: Annual statewide agricultural production record in millions of tons 

State 1 2 3 4 5 6 7 8 9 10 11 

AS 2.758 2.757 2.712 2.699 2.683 2.663 2.580 2.518 2.517 2.509 2.508 

BC 4.214 4.028 3.994 3.858 2.507 2.474 2.458 2.428 2.409 2.362 2.344 

BS 0.744 0.705 0.679 0.659 0.644 0.632 0.612 0.591 0.591 0.561 0.523 

CC 2.218 1.985 1.981 1.841 1.824 1.817 1.627 1.524 1.494 1.129 1.087 

CS 14.182 13.138 12.527 12.311 12.213 12.065 11.952 11.895 11.685 11.602 10.769 

CH 11.178 11.048 10.223 10.020 9.969 9.569 9.486 9.329 9.179 7.835 6.431 

CL 5.896 5.806 5.781 5.729 5.708 5.689 5.650 5.584 5.570 5.568 5.512 

CM 3.773 3.756 3.738 3.659 3.617 3.583 3.549 3.478 3.454 3.410 3.407 

DF 0.485 0.456 0.434 0.432 0.419 0.417 0.416 0.411 0.397 0.385 0.383 

DG 9.117 8.593 8.563 8.504 8.351 8.257 7.883 7.674 7.489 7.157 7.092 

GT 9.953 9.947 9.944 9.874 9.816 9.671 9.388 9.078 9.065 8.990 8.979 

GR 5.779 5.724 5.677 5.674 5.541 5.420 5.414 5.238 5.094 4.947 4.798 

HG 7.781 7.674 7.639 7.601 7.584 7.442 7.373 7.356 7.298 7.120 7.033 

JC 36.295 35.548 35.537 34.394 31.409 31.152 28.452 26.752 25.732 25.041 25.003 

MC 9.122 8.864 8.648 8.631 8.516 8.435 8.331 8.271 8.249 8.133 7.783 

MN 11.532 11.460 11.450 10.986 10.802 10.296 9.846 9.694 9.583 9.543 9.304 

MS 3.833 3.736 3.583 3.523 3.409 3.385 3.341 3.300 3.252 3.194 3.179 

NT 6.347 6.243 6.201 6.157 6.145 6.131 6.103 6.016 6.010 5.953 5.744 

NL 3.943 3.567 3.547 3.520 3.461 3.293 3.253 3.146 3.124 3.040 2.977 

OC 20.108 19.551 19.500 19.477 19.336 18.771 18.440 16.787 15.215 15.144 14.906 

PL 7.396 7.323 7.239 7.077 7.058 7.027 6.987 6.959 6.623 6.245 5.976 
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QO 2.250 2.166 2.164 2.135 2.121 2.095 2.040 2.013 1.956 1.931 1.912 

QR 2.226 2.180 2.168 2.070 1.982 1.871 1.871 1.856 1.829 1.819 1.723 

SP 11.636 11.189 10.897 10.749 10.515 10.146 9.940 8.765 7.493 7.027 7.005 

SL 13.415 12.860 12.703 12.240 12.226 12.174 11.804 11.674 11.141 11.050 11.003 

SR 6.997 6.918 6.616 6.484 6.210 5.958 5.692 5.594 5.563 5.490 5.441 

TC 4.008 3.859 3.777 3.584 3.459 3.367 3.293 3.275 3.198 3.171 2.960 

TS 10.465 9.420 9.406 9.395 9.324 9.050 8.898 8.717 8.575 8.455 8.443 

TL 1.516 1.478 1.430 1.423 1.387 1.355 1.347 1.338 1.334 1.323 1.310 

VZ 30.073 29.919 29.289 29.007 28.267 28.251 27.640 27.593 27.239 25.990 25.733 

YN 13.234 5.716 5.682 5.601 5.589 5.533 5.462 5.382 5.338 5.300 5.285 

ZS 7.282 7.089 7.063 6.903 6.856 6.817 6.489 6.307 5.857 5.298 5.242 

 

                        Table 2: Annual statewide agricultural production record in millions of tons (Continuation) 

State 12 13 14 15 16 17 18 19 Mean σ Cv 

AS 2.487 2.451 2.424 2.317 2.295 2.192 2.145 2.122 2.49 0.20 0.08 

BC 2.335 2.298 2.285 2.271 2.183 2.141 1.847 1.777 2.64 0.76 0.29 

BS 0.460 0.441 0.438 0.436 0.430 0.429 0.429 0.415 0.55 0.11 0.20 

CC 0.988 0.973 0.956 0.915 0.859 0.822 0.791 0.679 1.34 0.49 0.37 

CS 10.467 10.187 10.032 9.223 8.761 8.605 6.414 6.151 10.75 2.15 0.20 

CH 6.397 6.298 5.981 5.737 5.130 5.086 4.836 4.539 7.80 2.30 0.29 

CL 5.410 5.364 5.329 5.318 5.271 5.000 4.394 4.236 5.41 0.44 0.08 

CM 3.339 3.211 3.150 3.020 2.967 2.906 2.299 2.258 3.29 0.44 0.13 

DF 0.375 0.373 0.367 0.365 0.361 0.359 0.357 0.352 0.40 0.04 0.09 

DG 7.021 6.778 6.732 6.709 5.729 5.116 4.949 4.818 7.19 1.30 0.18 

GT 8.817 8.701 8.522 8.510 8.471 8.358 8.227 8.023 9.07 0.64 0.07 

GR 4.788 4.563 4.506 4.271 4.227 4.080 2.914 2.860 4.82 0.87 0.18 

HG 7.003 6.981 6.688 6.553 6.490 6.222 6.189 6.089 7.06 0.54 0.08 

JC 24.771 23.767 23.627 22.998 22.898 22.457 21.698 21.311 27.31 5.13 0.19 

MC 7.332 7.285 7.266 7.082 6.867 6.802 5.692 5.597 7.73 1.01 0.13 

MN 8.962 8.880 8.842 8.775 8.399 8.395 8.237 8.205 9.64 1.14 0.12 

MS 3.128 3.039 3.027 3.022 2.991 2.860 2.812 2.444 3.21 0.34 0.10 

NT 5.689 5.442 5.013 4.734 4.662 3.967 3.937 3.563 5.48 0.89 0.16 

NL 2.883 2.827 2.771 2.736 2.659 2.638 0.963 0.706 2.90 0.81 0.28 

OC 14.569 14.388 13.880 13.662 11.273 8.113 6.510 6.477 15.06 4.38 0.29 

PL 5.912 5.882 5.639 5.600 5.514 5.435 5.342 5.299 6.34 0.76 0.12 

QO 1.912 1.847 1.843 1.776 1.249 1.218 1.204 1.155 1.84 0.36 0.20 

QR 1.633 1.619 1.595 1.439 1.387 1.279 1.187 1.171 1.73 0.33 0.19 

SP 6.948 6.812 6.427 6.425 6.248 6.222 6.172 5.741 8.23 2.08 0.25 

SL 10.990 10.924 10.194 10.161 9.940 9.675 9.139 8.102 11.13 1.36 0.12 

SR 5.196 5.052 4.963 4.843 4.685 3.887 3.716 3.156 5.39 1.05 0.20 

TC 2.903 2.830 2.744 2.627 2.605 2.466 2.434 2.417 3.10 0.50 0.16 

TS 8.344 8.332 8.217 8.147 8.056 7.964 6.192 5.715 8.48 1.09 0.13 

TL 1.309 1.292 1.265 1.243 1.182 1.140 1.116 0.748 1.29 0.17 0.13 
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VZ 25.405 25.286 24.998 24.873 24.602 24.418 24.054 22.948 26.61 2.14 0.08 

YN 5.096 5.070 4.971 4.677 4.552 4.471 0.578 0.460 5.16 2.48 0.48 

ZS 3.982 3.744 3.546 3.394 3.274 3.246 2.652 2.351 5.13 1.74 0.34 

 
                             Table 3: Groups of states according to the coefficient of variation 𝐶𝑣 

Group 𝐶𝑣 Interval  

1 0.07 - 0.10 

2 0.12 - 0.16 

3 0.18 - 0.20 

4 0.25 - 0.29 

5 0.34 - 0.37 

6 0.48 

 
An average of the 19 normalized records was determined for each group of states shown in Table 
3. Table 5 shows the averages of the normalized records for each group. 
Correlation plots of the normalized value of annual production vs. the different drought indexes 
were made for each group of states. The correlation graphs, their trend lines, their equation and 
the coefficients of determination of these lines were obtained with the Excel tool. This is done to 
identify with which type of drought a better correlation is obtained according to the group of states. 
Groups 1, 2, 3 and 4 had a better correlation (a higher value in the coefficient of determination) 
with drought indexes from D2 to D4, group 5 had a better correlation with drought indexes from D1 
to D4, and group 6 had a better correlation with drought indexes from D0 to D4. For these drought 
types, correlation graphs were made of the enveloping percentage of drought vs. the return period 
in years. 
The return period was obtained with the Weibull equation (n+1)/m, where n is the size of the 
annual series and m is the number of ordered data. 
The equations of the trend lines generated from the correlation plots were generated with the Excel 
tool, and the coefficients of the polynomial models were obtained with Excel Solver and AG. The 
equations obtained are shown below (Eqs 4 to 6). 
 
For D0 a D4. 𝐷𝑖 = 14.222 𝐿𝑛(𝑇𝐷) + 29.181

                                       
(4) 

For D1 a D4. 𝐷𝑖 = 14.88 𝐿𝑛(𝑇𝐷) + 6.93
                                          

(5) 

For D2 a D4. 𝐷𝑖 = −0.1044𝑇𝐷2 + 3.942𝑇𝐷 − 1.363
                                 

(6) 

Where Di is the drought indexes and TD is the return period in years. 
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                                                                          Table 4: Standardized record of agricultural production 

State 1 2 3 4 5 6 7 8 9 10 

AS 1.11 1.11 1.09 1.08 1.08 1.07 1.04 1.01 1.01 1.01 

BC 1.59 1.52 1.51 1.46 0.95 0.94 0.93 0.92 0.91 0.89 

BS 1.36 1.29 1.24 1.20 1.17 1.15 1.12 1.08 1.08 1.02 

CC 1.65 1.48 1.48 1.37 1.36 1.35 1.21 1.13 1.11 0.84 

CS 1.32 1.22 1.17 1.15 1.14 1.12 1.11 1.11 1.09 1.08 

CH 1.43 1.42 1.31 1.28 1.28 1.23 1.22 1.20 1.18 1.00 

CL 1.09 1.07 1.07 1.06 1.05 1.05 1.04 1.03 1.03 1.03 

CM 1.15 1.14 1.13 1.11 1.10 1.09 1.08 1.06 1.05 1.04 

DF 1.22 1.15 1.09 1.09 1.06 1.05 1.05 1.04 1.00 0.97 

DG 1.27 1.20 1.19 1.18 1.16 1.15 1.10 1.07 1.04 1.00 

GT 1.10 1.10 1.10 1.09 1.08 1.07 1.03 1.00 1.00 0.99 

GR 1.20 1.19 1.18 1.18 1.15 1.13 1.12 1.09 1.06 1.03 

HG 1.10 1.09 1.08 1.08 1.07 1.05 1.04 1.04 1.03 1.01 

JC 1.33 1.30 1.30 1.26 1.15 1.14 1.04 0.98 0.94 0.92 

MC 1.18 1.15 1.12 1.12 1.10 1.09 1.08 1.07 1.07 1.05 

MN 1.20 1.19 1.19 1.14 1.12 1.07 1.02 1.01 0.99 0.99 

MS 1.19 1.16 1.12 1.10 1.06 1.05 1.04 1.03 1.01 0.99 

NT 1.16 1.14 1.13 1.12 1.12 1.12 1.11 1.10 1.10 1.09 

NL 1.36 1.23 1.22 1.21 1.19 1.14 1.12 1.09 1.08 1.05 

OC 1.34 1.30 1.29 1.29 1.28 1.25 1.22 1.11 1.01 1.01 

PL 1.17 1.15 1.14 1.12 1.11 1.11 1.10 1.10 1.04 0.98 

QO 1.22 1.18 1.18 1.16 1.15 1.14 1.11 1.09 1.06 1.05 

QR 1.29 1.26 1.25 1.20 1.14 1.08 1.08 1.07 1.06 1.05 

SP 1.41 1.36 1.32 1.31 1.28 1.23 1.21 1.07 0.91 0.85 

SL 1.21 1.16 1.14 1.10 1.10 1.09 1.06 1.05 1.00 0.99 

SR 1.30 1.28 1.23 1.20 1.15 1.10 1.06 1.04 1.03 1.02 

TC 1.29 1.24 1.22 1.15 1.11 1.08 1.06 1.06 1.03 1.02 

TS 1.23 1.11 1.11 1.11 1.10 1.07 1.05 1.03 1.01 1.00 

TL 1.17 1.14 1.11 1.10 1.07 1.05 1.04 1.04 1.03 1.02 

VZ 1.13 1.12 1.10 1.09 1.06 1.06 1.04 1.04 1.02 0.98 

YN 2.57 1.11 1.10 1.09 1.08 1.07 1.06 1.04 1.03 1.03 

ZS 1.42 1.38 1.38 1.35 1.34 1.33 1.27 1.23 1.14 1.03 
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                            Table 4: Standardized record of agricultural production (Continuation) 

State 11 12 13 14 15 16 17 18 19 

AS 1.01 1.00 0.98 0.97 0.93 0.92 0.88 0.86 0.85 

BC 0.89 0.88 0.87 0.86 0.86 0.83 0.81 0.70 0.67 

BS 0.95 0.84 0.80 0.80 0.79 0.78 0.78 0.78 0.76 

CC 0.81 0.74 0.72 0.71 0.68 0.64 0.61 0.59 0.51 

CS 1.00 0.97 0.95 0.93 0.86 0.82 0.80 0.60 0.57 

CH 0.82 0.82 0.81 0.77 0.74 0.66 0.65 0.62 0.58 

CL 1.02 1.00 0.99 0.98 0.98 0.97 0.92 0.81 0.78 

CM 1.03 1.01 0.98 0.96 0.92 0.90 0.88 0.70 0.69 

DF 0.97 0.94 0.94 0.92 0.92 0.91 0.91 0.90 0.89 

DG 0.99 0.98 0.94 0.94 0.93 0.80 0.71 0.69 0.67 

GT 0.99 0.97 0.96 0.94 0.94 0.93 0.92 0.91 0.88 

GR 1.00 0.99 0.95 0.94 0.89 0.88 0.85 0.61 0.59 

HG 1.00 0.99 0.99 0.95 0.93 0.92 0.88 0.88 0.86 

JC 0.92 0.91 0.87 0.87 0.84 0.84 0.82 0.79 0.78 

MC 1.01 0.95 0.94 0.94 0.92 0.89 0.88 0.74 0.72 

MN 0.96 0.93 0.92 0.92 0.91 0.87 0.87 0.85 0.85 

MS 0.99 0.97 0.95 0.94 0.94 0.93 0.89 0.88 0.76 

NT 1.05 1.04 0.99 0.92 0.86 0.85 0.72 0.72 0.65 

NL 1.03 1.00 0.98 0.96 0.94 0.92 0.91 0.33 0.24 

OC 0.99 0.97 0.96 0.92 0.91 0.75 0.54 0.43 0.43 

PL 0.94 0.93 0.93 0.89 0.88 0.87 0.86 0.84 0.84 

QO 1.04 1.04 1.00 1.00 0.96 0.68 0.66 0.65 0.63 

QR 0.99 0.94 0.93 0.92 0.83 0.80 0.74 0.69 0.68 

SP 0.85 0.84 0.83 0.78 0.78 0.76 0.76 0.75 0.70 

SL 0.99 0.99 0.98 0.92 0.91 0.89 0.87 0.82 0.73 

SR 1.01 0.96 0.94 0.92 0.90 0.87 0.72 0.69 0.59 

TC 0.95 0.94 0.91 0.88 0.85 0.84 0.79 0.78 0.78 

TS 1.00 0.98 0.98 0.97 0.96 0.95 0.94 0.73 0.67 

TL 1.01 1.01 1.00 0.98 0.96 0.92 0.88 0.86 0.58 

VZ 0.97 0.95 0.95 0.94 0.93 0.92 0.92 0.90 0.86 

YN 1.02 0.99 0.98 0.96 0.91 0.88 0.87 0.11 0.09 

ZS 1.02 0.78 0.73 0.69 0.66 0.64 0.63 0.52 0.46 
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                                                                Table 5: Normalized registers of the groups of states 

No. GROUP 1 GROUP 2 GROUP 3 GROUP 4 GROUP 5 GROUP 6 

1 1.13 1.20 1.29 1.43 1.54 2.57 

2 1.11 1.16 1.24 1.37 1.43 1.11 

3 1.09 1.14 1.22 1.33 1.43 1.10 

4 1.08 1.12 1.19 1.31 1.36 1.09 

5 1.07 1.10 1.15 1.20 1.35 1.08 

6 1.06 1.09 1.13 1.16 1.34 1.07 

7 1.04 1.07 1.09 1.14 1.24 1.06 

8 1.03 1.06 1.07 1.08 1.18 1.04 

9 1.01 1.04 1.05 1.02 1.13 1.03 

10 1.00 1.02 1.02 0.96 0.94 1.03 

11 0.99 0.99 0.99 0.92 0.92 1.02 

12 0.97 0.98 0.95 0.90 0.76 0.99 

13 0.97 0.96 0.92 0.89 0.73 0.98 

14 0.95 0.93 0.92 0.86 0.70 0.96 

15 0.94 0.91 0.88 0.85 0.67 0.91 

16 0.93 0.89 0.81 0.78 0.64 0.88 

17 0.90 0.85 0.76 0.73 0.62 0.87 

18 0.88 0.78 0.69 0.57 0.56 0.11 

19 0.84 0.72 0.66 0.52 0.49 0.09 

 
With equations 4, 5 and 6, the drought index record was updated using the same TD values that 
were used to initially generate the equations. New correlation graphs of the normalized value of 
annual production vs. the new drought indexes were made from these data. With these graphs, the 
equation models of the trend lines were obtained with the Excel tool. The coefficients of the 
equation models were obtained with the GA. It was also possible to obtain the equation models 
with the Solver tool, but the results of this tool always showed a lower coefficient of determination 
than those obtained with the genetic algorithm. The equations obtained by GA are shown below 
(Eqs 7 to 12). 

Group 1. 𝐴𝑃 = 0.075𝐿𝑛(𝐷𝑖𝑢) + 0.861
                                       

(7) 

Group 2. 𝐴𝑃 = 0.121𝐿𝑛(𝐷𝑖𝑢) + 0.776
                                       

(8) 

Group 3. 𝐴𝑃 = 0.17𝐿𝑛(𝐷𝑖𝑢) + 0.685
                                        

(9) 

Group 4. 𝐴𝑃 = 0.2399𝐿𝑛(𝐷𝑖𝑢) + 0.555
                                     

(10) 

 
Group 5. 𝐴𝑃 = −7.34 ∙ 10−4𝐷𝑖𝑢2 + 0.066𝐷𝑖𝑢 + 0.048

                         
(11) 
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Group 6. 𝐴𝑃 = −5.5 ∙ 10−6𝐷𝑖𝑢3 + 7.7 ∙ 10−4𝐷𝑖𝑢2 + 3 ∙ 10−5𝐷𝑖𝑢
                     

(12) 

Where AP is the normalized value of annual production and Diu is the updated drought index. 
Equations 7, 8, 9, 10, 11 and 12 had the variable Diu substituted by the equations that determine 
the drought indexes according to the return period. The substitution is made so that from TD the 
normalized value of the annual production can be obtained. 
The simplified equations are shown below (Eqs 13 to 18). 

Group 1. 𝐴𝑃 = 0.075𝐿𝑛(−0.1044𝑇𝐷2 + 3.942𝑇𝐷 − 1.363) + 0.861
               

(13) 

Group 2. 𝐴𝑃 = 0.121𝐿𝑛(−0.1044𝑇𝐷2 + 3.942𝑇𝐷 − 1.363) + 0.776
               

(14) 

Group 3. 𝐴𝑃 = 0.17𝐿𝑛(−0.1044𝑇𝐷2 + 3.942𝑇𝐷 − 1.363) + 0.685
                

(15) 

Group 4. 𝐴𝑃 = 0.2399𝐿𝑛(−0.1044𝑇𝐷2 + 3.942𝑇𝐷 − 1.363) + 0.555
              

(16) 

Group 5. 𝐴𝑃 = −0.1625𝐿𝑛(𝑇𝐷)2 + 0.8307𝐿𝑛(𝑇𝐷) + 0.4701
                    

(17) 

Group 6. 𝐴𝑃 = −0.0158𝐿𝑛(𝑇𝐷)3 + 0.0584𝐿𝑛(𝑇𝐷)2 + 0.4397𝐿𝑛(𝑇𝐷) + 0.5199
       

(18) 

Where AP is the normalized value of annual production and TD is the return period in years. 

3.1. Example of application of the obtained equations 

For the explanation of the application of the equations obtained in this work, the state of Veracruz 

will be taken as an example. According to Table 2, Veracruz has a 𝐶𝑣 of 0.08. Then, according to 
the group formation defined in Table 3, Veracruz is part of group 1, since its Cv falls within the 
interval of 0.07-0.1. 

If Veracruz presents a drought in a 19-year return period, applying equation 13, the normalized 
production is expected to be 1.13 (Table 6). If historically the average production has been 
26,609,785 tons, then the agricultural production will be the result of equation 13 multiplied by the 
historical average production. That is (26,609,785 tons)*(1.13)= 30,069,057 tons (Table 7). 
 
                               Table 6: Result of eq. 13. Agricultural production in Veracruz 

TD (In years) AP (Registered) AP (Calculated) 

19 1.13 1.13 

 
       Table 7: Agricultural production expected in Veracruz for a 19-year TD drought 

TD (In years) AP (Registered) AP (Calculated) 

19 1.13 1.13 
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4. Conclusions 

Droughts are meteorological events that cannot be avoided and cannot be determined with total 
certainty, which makes the consequences of these events inevitable, but it is possible to control the 
severity of the repercussions if their effects can be foreseen. The usefulness of the equations 
obtained in this research is in providing an estimate of the expected value of agricultural production 
in the face of drought events. With this information, it is possible to take actions in the face of the 
economic effects that droughts can cause in the agricultural sector. 
The methodology used in this study made it possible to determine a similar behavior in agricultural 
production in the states, and with this it was possible to develop equations for different groups of 
states that had similarities in their agricultural production. This same methodology can be used to 
determine the behavior of other meteorological events. The standardization of the information 
recorded for agricultural production can be substituted by records of other meteorological 
phenomena. 
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Abstract: Increasing the efficiency of hydraulic drive systems (HDSs) maintenance activities is a permanent 
concern at the global level as a result of the considerable expansion of their field of applicability. The 
maintenance of HDSs is part of the integrated management concept and it is a complex approach to specific 
activities in order to maintain HDSs performance. The development of additive manufacturing methods 
applicable for hydraulic components based on the principle of reverse engineering gives stability to functional 
characteristics and reliability in the context of the circular economy. The application of reliability-based 
maintenance (RBM) strategies requires the detection and exploitation of the maximum potential of HDSs 
operation. Through the 3D printing technology, which enables innovative performance and flexibility in on-
demand production, there is the opportunity to remanufacture hydraulic components with complex geometry 
and specific characteristics.  At the end of the article, examples of the application of additive manufacturing 
technologies and the adaptation of the reverse engineering principle in the field of hydraulic drive systems 
are presented.  

Keywords: Hydraulic drive systems, circular economy, additive manufacturing, 3D scanning  

1. Introduction  

Additive manufacturing is one of the modern technologies that has introduced a new vision of 
industrial activity and perspective products. The use of additive manufacturing technology is 
advantageous for situations in which traditional manufacturing methods do not allow obtaining 
forms with complex geometries in a timely and cost-effective manner, the realization of a prototype 
or small series production, or in situations where the required raw materials are difficult or almost 
impossible to process. This method allows obtaining 3D models that can be used to create custom 
parts individually printed on high-performance rapid prototyping equipment. The obtained 3D 
model can be used as digital storage for the target part or for training in the virtual environment in 
various fields of activity. The 3D model resulting from the scan must be processed in such a way 
as to obtain the part in different layers, with different properties set for each of them in the virtual 
reality application. The final 3D model can be used to create a virtual reality application that allows 
the simulation of operations specific to the field for which the part was designed, using 
mathematical models to create profiles in polynomial form of reconstruction or parameterized 
modelling. The importance of the field of 3D scanning and printing continues to grow, so the 
multitude of tools and hardware methods for capturing the shape of real-world parts in three 
dimensions is constantly expanding. New software products for converting raw 3D data into usable 
digital format, such as computer-aided design (CAD) models, are being developed and 
implemented more rapidly by a growing number of developers and manufacturers in the field. 
Applications for 3D scanning have steadily expanded beyond its use for dimensional metrology in 
the aerospace, automotive, and power generation industries. Depending on the scanner and the 
nature of the project, the result of the scan is often a large number of very large files. Transforming 
these files into efficient formats for use can be one of the most challenging and time-consuming 
aspects of the project. Many projects require highly specialized software, intensive computing 
power, and operator skills, which can take years of development and significant cost. Laser, 
structured light and CT scanning instruments capture an impressive amount of data. These 3D 
digitizers devices often have a built-in software function used to transform scanned data into 
geometric features in real time. Special metadata processing software tools have been developed 
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to bridge the gap between raw scan data and its end use, which have become integral to the use 
of scanners for both reverse engineering and dimensional inspection applications. The measuring 
instruments used for these industrial metrology applications are relatively complex and expensive. 
However, industrial customers have always been and still are the main source of funding for 
research and development of additive manufacturing (3D printing) technology. New tools such as 
laser and optical trackers, handheld arm (coordinated measuring machines) CMMs, and structured 
light scanners have helped engineers solve critical manufacturing problems, leading to increased 
demand and more research and development by scanner manufacturers. Parts so designed can 
be directly inspected, sometimes while still on a machine or in a tool fixture, using these advanced 
3D measurement and analysis tools. 3D scanning technologies have seen dramatic improvement 
in speed, accuracy, portability and reliability. The speed and ability to go from CAD to print with 
close to zero set-up costs has revolutionized the market, through rapid part productions with 
excellent unit economy and small runs. For printing production parts, speed and price are 
important, but the features most often exploited are design freedom and ease of customization. In 
the aerospace and automotive industries, topology-optimized structures with a high strength-to-
weight ratio are used for high-performance parts, and components that previously required 
assembly can be consolidated into a single part. In healthcare, customization is key, speed and 
versatility make it perfect for developing products made almost exclusively using 3D printing. 

2. Development of additive manufacturing technology in the field of HDSs 

The concept of additive manufacturing is used in professional and specialized environments; with 
techniques to create objects by adding layer after layer of material, a wide range can be used, from 
plastic, organic fabrics, to metals, combinations, etc. 3D printers use molten material in the 
extruder which then solidifies, or metal powders fused by baking, liquid or UV polymerized resins, 
or annealing, etc. can be used. In additive manufacturing, laser sintering or laser melting, repairs 
and coating are possible even for components with the highest material requirements. Laser 
generative manufacturing processes developed to industrial standards quickly, flexibly and cost-
effectively generate complex shapes and individual metal components layer by layer such as: laser 
fusion of metals (based on laser melting powder) and laser deposition of metals (laser welding 
charging). Generative manufacturing offers complete solutions that include machines, laser 
radiation sources and services developed for various products, which provides a clear competitive 
advantage. With the help of additive manufacturing, specific solutions, customized components 
can be implemented simply and flexibly, even in the case of series production. The high stability of 
complex structures, as well as the low weight of additive manufacturing components, make this 
technology particularly attractive for the field of lightweight materials construction, still challenging 
for the desired sophisticated components and geometries. 3D printing has been designed to 
accelerate the development of industrial products with rapid prototyping and UV light curing in 
various industries such as automotive, aerospace, healthcare and consumer goods. The self-
replicating 3D printer launched has caused a surge in interest in this type of technology used for a 
wide range of more affordable forms of custom manufacturing. Today there are companies that 
manufacture printers and offer all kinds of services using 3D printing technology for almost any part 
geometry, this being one of the strengths of 3D printing. One of the limitations of 3D printing is that 
most parts are inherently anisotropic, or not fully dense, meaning they typically lack the material 
and mechanical properties of parts made using subtractive or formative techniques. Due to 
fluctuations in cooling or curing conditions, different prints of the same part are prone to slight 
variations, which limits consistency and repeatability. Control over every aspect of the process, 
through this method, makes it possible to produce incredibly precise parts with high repeatability. 
Most designs require computer-aided manufacturing (CAM) to draw custom toolpaths and efficient 
material removal, which adds setup time and cost. For most models, especially parts with a 
complex configuration, this production method, which allows for a complex design without 
significant material consumption, has proven to be the most cost-effective. As such, the 3D printing 
method does not have the limitations imposed by subtractive manufacturing where the cutting tool 
must be able to touch all surfaces to remove material, which greatly limits the complexity of the 
design. In the Subtractive Manufacturing process, a large amount of material is wasted by removal 
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to produce the final geometry of the part, aspect which is insignificant in the case of the Additive 
Manufacturing method. Additive manufacturing enables innovative performance and unmatched 
flexibility in on-demand manufacturing without dedicated equipment or tools, across all industries, 
unlocking the design tools of engineering. 3D printing has thus triggered a change in the way 
products are designed for both small companies and industry giants. This is reflected in the 
engineering complexity of today's additive manufacturing products, and as this technology expands 
and matures, so does the industrial environment. 3D printing, in addition to allowing companies to 
quickly prototype ideas for parts or new products, contributes and to significantly reducing the 
costs related to the creation of products, minimizing the waste produced and the storage space 
required for the products obtained. The market penetration and success of this technology 
depends on technical-economic factors such as ease of use, the technology complexity, low 
operating costs, the evolution of the supply-demand market. The high efficiency in terms of energy 
consumption and the use in the prototyping phase of environment-friendly materials place the 3D 
additive manufacturing technology in the area of technologies that observe the principles of 
sustainable development, this aspect being a promoter of the implementation of the technology in 
modern engineering activities [1-3]. Among the 3D additive manufacturing technologies, FMD 
(Fused Material Deposition) rapid prototyping technology is the most widely used due to its 
simplicity and affordability. The technique adopted in this method consists in rigorous temperature 
control for melting the material and depositing it layer by layer, being used in modeling, 
prototyping, but also in production applications [4]. This accessible technology that uses a wide 
range of materials is also known in the specialized literature under other names: MEM (Melting 
Extrusion Modeling), thermoplastic extrusion TPE (Thermoplastic Extrusion), FFF (Fused Filament 
Fabrication) manufacturing by fused filament [5,6]. Depending on the materials used, the market 
needs and the complexity of the equipment, a series of 3D additive manufacturing technologies 
have been developed such as:  
 

• SLA – Stereolithography;  
• SLS – Selective Laser Sintering;  
• SLM – Selective Laser Melting;  
• DLP – Digital Light Processing;  
• FDM – Fused Deposition Modeling;  
• PJP – PolyJet Printing;  
• 3DP – Three-dimensional inkjet printing;  
• LOM – Laminated Object Manufacturing.  

 
For the accurate materialization of the 3D model, additive manufacturing technology involves 
passing a plastic filament through an extruder that heats it up to the melting point, then applying it 
uniformly (by extrusion) layer upon layer [7]. Controlled displacement of the extruder both 
horizontally and vertically is achieved by a numerical control mechanism specific to the printer. As 
it moves, the head deposits a thin thread of extruded plastic that upon cooling hardens 
immediately, sticking to the previous layer to form the desired 3D pattern. To prevent deformation 
of parts caused by sudden cooling of the plastic, the professional 3D printer includes a closed 
construction chamber, heated to a high temperature. The design stage in 3D additive 
manufacturing technology it’s a purely engineering stage, defining for the final product obtained [8]. 
With the help of a dedicated software application, the 3D model is designed and structured in 
layered cross-sections.  
For simplicity, a 3D scan of complex surfaces with a suitable device can be used in obtaining a 3D 
model. This process transforms the object to be printed into a digital model, which is subjected to 
changes in size or configuration with the help of a specialized 3D design program, then it is 
analysed and prepared for the actual printing. To carry out a 3D scan, it is necessary to use a 
special equipment that works on the basis of a principle similar to that used by photo cameras 
(photogrammetric method). The difference between these devices is the use of a laser beam that 
is sent to the respective object and then reflected in a sensor, synthesizing this data into a digital 
model. Thus, with the help of the triangulation method, the equipment calculates the distance from 
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the scanner to the object from different angles, so that the scanner collects data about all the 
dimensions of the scanned object and can create the digital model, which can then be modified 
depending on the case.  
For complex geometries or console models, FDM technology requires printing with support 
material that must later be removed manually. One of the materials used in applications is 
polyethylene terephthalate glycol modified (PETG). This is a type of hydrophobic filament, easy to 
use for 3D printing, characterized by a high degree of durability and impact resistance, with 
excellent thermoforming properties, flexibility and high chemical resistance, with high clarity and 
imperceptible odour. Also, this material has a low flammability rating and is approved in food 
contact applications. All these properties make PETG an excellent material that combines the 
advantages of PLA (polylactic acid) and ABS (acrylonitrile-butadiene-styrene) and recommends it 
for making protections, supports or casings for equipment in the medical or pharmaceutical 
industry, as well as in other applications. PLA is a biopolymer, a biodegradable material, 
considered to be ecological being made from renewable raw materials, such as corn starch or 
sugar cane. Apart from 3D printing, it is commonly used for packaging materials, plastic film, 
plastic cups and plastic water bottles. PLA is more fragile than ABS but has a higher surface 
hardness, being able to be cut, filled, sanded, painted, joined with the help of adhesives. ABS is a 
hard oil-based plastic material that can be used to create sturdy objects, electrical equipment, Lego 
pieces, etc. ABS filaments at the manufacturer's recommended temperature exhibit a superior 
bonding of the layers, ABS parts are more flexible, malleable than PLA parts and tend to bend 
rather than crack when under pressure.  
A prototype obtained through 3D additive technology must identify with the CAD piece, (high 
fidelity prototype), and respect the dimensioning from the design stage [8]. The high degree of 
finishing of 3D printed products and mock-ups at the prototype level allows designers and 
engineers to carefully evaluate the proposed concepts, their implications, and make the best 
decisions in the shortest time, if changes are needed to launching a range of products on the 
market, based on the prototype used.  
Additive manufacturing covers several techniques namely: 3D printing, rapid prototyping, digital 
manufacturing, layered manufacturing, additive manufacturing. The applications are therefore quite 
limitless, starting from rapid prototyping of production models, to product development for all types 
of industrial sectors (medical, aerospace, fashion, etc.). The concept of additive manufacturing is 
therefore, used in professional and specialized environments, with techniques to create objects by 
adding layer by layer of material, from plastic, organic fabrics, to metals, combinations, etc. 3D 
printers use material melted in the extruder which then solidifies, or metal powders fused by 
baking, liquids or UV polymerized resins, etc. can be used. 3D manufacturing is complex and 
efforts are made to optimize parameters such as: speed, geometric complexity, materials, 
mechanical properties, surface finish, tolerances and repeatability. Thus, additive manufacturing is 
the best choice, especially when speed is essential for small volumes and complex designs.   

3. Reverse engineering principle applied to additive manufacturing of HDSs 

The concept of reverse engineering involves working principles of a device, system or software 
program by analyzing its structure, function and operations. This process is applied to increase 
production under conditions of high product competition, thus avoiding the effort encountered in the 
original design. Reverse engineering originates from the analysis of various devices and systems 
especially for commercial or military use in order to make a new similar device or system that does 
not copy anything from the original. Reverse engineering is also useful for estimating the costs of 
the elements that make the device work. The concept of reverse engineering was approached 
before the development of new modern technologies, being used to copy devices or information 
obtained by capture in espionage operations. Hackers use this technology to remove the copy 
protection of software programs (cracking). Reverse engineering in programming is a technique 
used to analyze software to recreate and strengthen the program being applied in multiple fields: 
industry, electronics, software, chemical engineering, biology, etc. The reverse technique is used 
whenever one wants to understand the inner workings of software. The goal is to make design 
decisions for finished products with minimal information or knowledge of the procedures involved in 
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initial production. Reverse engineering is used to create three-dimensional virtual models of 
existing parts and subassemblies, thus bringing physical geometry into the digital environment. As 
reverse (reconstruction) engineering is useful to analyze the functionality of products, to analyze 
sub-components, it can be used to complete some documents, specifically for parts designed 
before the development of CAD programs. The compatible reverse engineering program can 
interpret the measured data and generate the 3D point cloud network [9]. Measured data, usually 
represented as point clouds, do not contain topological information and so are often processed as 
triangular network (STL) files, then modeled into a usable format, a set of surfaces - Non-uniform 
rational B-spline (NURBS) surfaces - or a CAD solid model. Data can be transferred to a computer 
screen, but the overall process is much more complex. Some companies use the reverse 
technique when they do not yet have similar products to create their own products. The elements 
that allowed the development of this process consist of three-dimensional measurement systems 
for palpating the surface to be scanned, permanently accompanied by an information/data 
processing software. This information represents digital input data for processing with CAD-type 
software (for the integral design of products and direct obtaining of the driving programs necessary 
for the manufacturing system) or CAM (computer-aided manufacturing) as driving/management 
equipment/ of various machines and tools. To create a fully parameterized model, an advanced 
CAD package, for example CATIA (Computer Aided Three-Dimensional Interactive Application) or 
Solidworks, is usually used to achieve the final result. There are also inherent fidelity losses that 
occur during the technological process of reverse engineering due to the measuring equipment but 
also the characteristics of the part (dimensions, tolerance, visibility, density, speed, etc.). The 
program can be easily interfaced with third-party programs such as Polyworks, Geomagic, and 
Rapidform. Network generation is very fast, the key is an innovative algorithm developed to allow 
fast and accurate processing with fewer points, which speeds up the network generation process. 
The elements that allowed the development of this concept are three-dimensional measuring 
machines for scanning the surface, constantly assisted by a software for processing information 
and digital data to obtain high-performance results in terms of simulation and modeling of the 
desired components.  
Another reason for applying the concept of reverse engineering is to compress the time required 
for product development to meet the competitive demands of the market. The process involves 
measuring an object, then reconstructing it as a 3D model. Approaching the problem from another 
point of view, one can observe the rapidity of the method of reconstruction of a product that no 
longer has the original documentation for various reasons, whether it is destroyed, incomplete, 
whether it is inadequate to the new technological requirements, etc. The use of reverse 
engineering allows a 3D product or model to be quickly transformed into a digital form, then 
reshaped and prepared for rapid prototyping or even rapid manufacturing. The combination of 
scans performed for different profiles, directions, angles and depths, in a unitary whole of great 
finesse and good resolution is the most recommended application in the field of reverse 
engineering. Once the object exists in the database, the same features can be easily called upon, 
even improved by correlating with other newly received/acquired information in a multitude of files 
that complete the complexity of the process. The 3D data in the form of a cloud of points from the 
database are then transmitted through information acquisition tools in an organized, orderly 
system, corresponding to the real geometric position of the scanned surface, compared to a 
previously established reference point. The data (a multitude of points) are processed 
mathematically, geometrically, logically, naturally and conventionally to create a virtual image of 
determined surfaces. The correspondence between real and virtual will be all the greater, the 
greater their number, an aspect that can also affect the accuracy of the final image of the product. 
The combination of errors due to device, software or operator in the processing steps can be fixed 
by a detailed analysis and filling the appropriate sections in a rigorous manner. The analysis 
results can also be influenced by the variation of the method used for 3D printing, the material 
used, the temperature of the 3D printing environment, the sensitivity of the electronic and 
mechanical system. Considering the average accuracy values of the modeling process, one 
notices that the average accuracy rate decreases gradually as the value of the scale factor 
decreases. This method is based on solid and surface features [10-14] of given parts, snapping 
adjacent surfaces, forming radii and chamfers, and performing geometric constraints on the part. 
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These types of processes are gradually developing, and their variety increases with the 
development of technology. The choice of the part modeling strategy (mechanical or non-
mechanical) is important, because the fewer elements used in the modeling process, the smaller 
the file size will be, and the smoothness of the part will be ensured. For complex surfaces, the 
measurements taken are not standardized and combinations of a limited number of hardware and 
software equipment can be used. Laser scanning and coordinate measurement are dimensional 
inspection processes widely used in industry for small-sized components or for large-sized 
components with high precision. The synergy between 3D measurements and scans and the 
advanced use of CAD/CAM/CAE software packages contribute significantly to engineering 
achievements in industries and fields such as automotive, aerospace, biomedical, renewable 
energies, but also to the introduction and foundation of digital reconstruction and reconstruction 
methodologies. In this context, the method of the principle of reverse engineering consists of 
complex and interdisciplinary applications developed within programs and projects of excellence 
for the creation, optimization and capitalization of digital technologies, to facilitate the manufacture 
of products and the development of intelligent solutions compatible with the requirements of the 
current economic and social environment. The specialized literature [15-17] provides details on 
some achievements and practical contributions, new methods and techniques in different fields of 
activity, contributing to the development of collaboration with innovative companies from industries 
with high economic potential. These trans-disciplinary developments of the virtual environment 
bring significant scientific advantages in areas of specialization such as industrial equipment 
design and simulation, reverse engineering in various interdisciplinary fields such as medicine, 
archeology, metrology, etc., allowing specific results to be obtained.  
One of the problems with successful results was the integration of high-resolution 3D scanned 
models directly into virtual reality applications. Due to their complexity and the fact that the parts 
are made of composite material, their manufacturing is computerized, starting with the stage of 
designing the parts, designing the molds and making them from various materials. Measuring 
complex surfaces is a difficult task, in some cases sampling of the inspected surface is necessary 
to obtain global information about its geometry. 
Dimensional and symmetry verification methods are applied in the case of parts with complex 
surfaces to determine geometric and symmetry deviations such as: measurement in points, in plan 
using 2D scanned profiles, or globally using 3D scanned surfaces. The method of checking 
geometric deviations and symmetry in additive manufacturing for landmarks with complex surfaces 
provides a three-dimensional image, developed and analyzed by measurement procedures with 
translation of the reference system so that the system can be materialized using surfaces and 
elements from the inspected landmark. After aligning the CAD model and the real one, a 
segmentation of the landmark to be measured is made into areas of interest. Depending on the 
size of these areas of interest, a representative number of points to be scanned in that area as well 
as the scanning strategy are determined. The nominal values extracted from the CAD model are 
compared to the touched coordinates by calculating the deviation on all 3 axes, and the deviation 
of the points is presented as a color map. The results obtained by coordinate measurements are 
more accurate than those obtained by using for point acquisition scanners. The methodology used 
to determine the initial surface area of a part involves the use of scanning with trajectories parallel 
to the equator to obtain sets of data in the form of concentric circles used to plot circularity 
diagrams. This diagram can be drawn automatically using the measuring machine software. Thus, 
the deviation from the local circularity (positive or negative) can be highlighted and all the points 
that do not fall within the tolerance limit can be removed with the help of a software such as CAD, 
MATLAB, etc. 
The CAD software used in the methods that apply the principle of reverse engineering generally 
have functions that allow the automatic generation, directly from the point cloud of geometric 
elements (cylinder, plane, cone, sphere) without introducing additional sources of error. After 
scanning, the coordinates of the points are exported for each circle separately and processed to 
eliminate the points outside the nominal radius. The remaining points are imported generating the 
worn surface sphere, an area that provides a high density of points and is highlighted by a color 
map. The method allows the objective establishment of the points that can be used to reconstruct 
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the initial surface based on roughness diagrams, being a mathematically documented tool 
implemented in software that can be used to reconstruct certain surfaces or areas of interest.  
The amount of work associated with this method is quite high because establishing the diameter 
and shape of the initial surface is laborious, but it provides a fairly good accuracy compared to 
other methodologies presented in the specialized literature. 

4. Maintenance efficiency concerns for Hydraulic Drive Systems (HDSs) 

Systematic analysis of production costs reflects the qualitative level of activity in the context of 
integrated maintenance management. Maintenance responds to mixed, very complex objectives 
such as: ensuring the security and reliability of the system, eliminating or reducing the risks in its 
operation, the stability of the functional characteristics in the life cycle of the system, the continuity 
of the activities of this system, economic survival and competitiveness, by controlling the expenses 
related to the system used. The development of maintenance procedures and the application of 
predictive, preventive and corrective programs of technological systems and equipment is one of 
the essential activities with an impact on the efficiency of HDSs, being correlated with the 
adaptation and optimization of the plan for re-engineering the hydraulic system. It is necessary to 
create a clear plan for prevention and current maintenance in order to satisfy the designed 
functional parameters, which allow the realization of the technology in safe and precise conditions. 
Improving the production integrity and the technological systems quality are specific maintenance 
aspects in the hydraulic drive systems that find their practical solution through the correct diagnosis 
of the defects that appear, depending on the observed effect. In-depth knowledge of maintenance 
and repair techniques, in accordance with the application of European Union directives and 
international standards in the field, leads to the development of industrial activity, the realization of 
the largest possible productions, of the best quality and with the lowest possible costs. As such, 
these elements can determine a certain orientation of company management and machinery and 
equipment experts towards the development of defining measures for HDSs. The development and 
increasing complexity of industrial systems has led to the modernization and updating of 
maintenance techniques and policies. Depending on the costs related to spare parts and materials, 
respectively the losses due to downtime for repairs, different maintenance policies have been 
developed that consist of interventions on machines that have accidentally stopped working, due to 
wear and tear or the appearance of malfunctions. Detecting, locating and remediating the 
malfunction in order to restore the normal operation of the system are actions taken to ensure the 
optimal operation of the installed systems. The only way in which the owners of the installed 
technological systems have maximum benefits in their operation is to ensure maintenance with 
qualified and approved personnel. The use of technology connected to powerful data analysis 
systems makes it possible to monitor identified problems, and downtime periods / intervals can be 
planned according to your own schedule. Of course, part of the problem is access to a whole 
series of sensors, which allow a correct observation of the phenomena, but this method of 
intelligent maintenance is actually another way of thinking, to anticipate potential failures and 
trigger actions suitable to prevent or reduce the impact of these defects on the operations 
performed. This type of advanced technology makes it easier to predict when problems will occur. 
One possible approach could be to identify equipment with high failure potential as well as costly 
effect of unwanted interruption: e.g., pumps, compressors, motors. By implementing real-time 
monitoring systems, interventions on the operating status of these components can be reduced.  
The monitoring can also be extended to the other equipment with a low impact of failure, reaching 
in the end that the whole process enjoys the possibility of anticipating operational problems, this 
aspect leading to increased safety over the entire technological system. Applying temperature, 
pressure and vibration sensors to these engines makes it easier to alert the maintenance team in 
case of failure. Another aspect of maintenance consists in scheduling periodic inspections based 
on certain sensory information, even if the system is functional. The frequency of these scheduled 
inspections must be considered. Technologies for testing these systems during operation and 
modeling algorithms that take into account the following: vibration data, measured temperatures, 
determination of dissolved compounds in oil, insulation resistances, partial discharges, SF6 
pressure, oil level, etc., are very important, which may lead to the reduction of the number of 
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inspections, or even to their elimination. Thus, depending on the necessary information obtained, 
the adoption of the new technology can be done. Proactive maintenance emphasizes the idea of 
routine detection and correction of the primary causes that lead to equipment failures, which are 
generally the following: abnormal noise generated by cavitation or air ingress into the oil - aerations 
that can lead to foaming of the hydraulic oil, the high fluid temperature and too slow operation of 
the system [18]. The set of technical-organizational activities ensures the achievement of 
maximum performance for the asset considered (equipment, installation, etc.) through the 
approach way based on the concept of maintenance for restoring a technical system to a specific 
state of operation that allows it to fulfill its functions in the future. From the point of view of the 
strategy of the maintenance activity, the aim is to accumulate experience in the field and obtain a 
high efficiency for establishing the budget, quantifying the need for specific maintenance and repair 
expenses, necessary for the smooth development of the production process.  
The strategy of diversifying the actions carried out involves the provision of specific maintenance 
activities in order to reduce some funds allocated depending on the impact in order to ensure 
maximum reliability in the key points of the production system. The principles of limiting the study 
and the economy of actions are mainly used, with advantages related to the technical and 
technological level. 

5. Reliability of HDSs in the circular economy context 

In order to ensure good reliability of complex systems, rigorous verification measures are adopted 
in the technology development phase and in the execution stage of the essential mechanisms that 
ensure dimensional accuracy, geometric shape as well as compliance with assembly conditions, 
appropriate heat treatment and maintenance norms. Another measure to increase the reliability of 
HDSs consists in the monitoring and preventive replacement of subassemblies with reduced 
reliability or oversizing some of these elements with low reliability. In such situations, the 
optimization of repair and maintenance technologies is required. The correct operation of the 
hydraulic mechanisms is conditioned by the maintenance of the drive circuits and the verification of 
the execution of the links between the elements according to the drive scheme. The maintenance 
of HDSs is a combination of all the technical, administrative and managerial actions that are taken 
during a life cycle of an equipment/ machine/ part/ subassembly with the aim of maintaining or 
restoring its ability to perform the desired function. In this sense, the maintenance of HDSs 
includes activities of measurement, performance control, testing, fault detection, repair, 
adjustment, replacement of elements or subassemblies, and service. Therefore, service or repair 
activity are parts of a complex maintenance and monitoring action, given that they already exist in 
industrial practice with wide applications in hydraulic drives. These actions ensure the continuity of 
activities for as long as possible without interruptions that can cause a significant decrease in 
productivity, with the natural consequence of reducing the consumption of raw materials and 
supplies. This process (Fig. 1.) minimizes the waste of raw materials that are limited and, in some 
cases, are already exhausted or on the verge of extinction. 
 

 

Fig. 1. An illustration showing the difference between the take-make-dispose linear economy approach, and 
the circular economy approach [19] 
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In this sense, action plans and measures are adopted at the European level for the transition to the 
circular economy (Fig. 2.), a transitional method for the correct management of technological 
waste. In the field of hydraulic drives, maintenance and manufacturing elements are items that can 
be included in the working methodologies of the Circular Economy concept. These aspects that 
should become principles of life for humanity aim reusing waste as a raw material, using objects 
with a long life instead of disposable ones, minimizing packaging, etc. As such, the circular 
economy represents a model of production and consumption that involves all stages, from design 
to consumption and then to recycling, ultimately resulting in only a reduced amount of waste 
comparable to the raw material and initial materials used. This new concept helps the economy as 
a result of the reduced consumption of new materials and raw materials and creates a new closed 
loop system that allows the reuse of existing products in a circuit from design to exhaustion. 
Approaching the circular economy concept aims at the impetuous need to move to a system that 
favours the recovery of waste materials and products, instead of favouring their destruction. Thus, 
a close connection between the concept of sustainable development and that of the circular 
economy is highlighted, supported by arguments regarding existing international trends about 
some ways of aligning with the requirements of technical and scientific research in the field of 
HDSs. 
 

 

Fig. 2. An illustration of the circular economy concept [20] 

6. Conclusions  

In this article, the authors have explored the new trends and developments of additive 
manufacturing in the field of hydraulic drive systems (HDSs) according to the circular economy 
concept. The maintenance of HDSs is crucial for ensuring their efficient operation, especially 
considering the expanding range of applications for these systems. By adopting an integrated 
management concept and employing a complex approach to maintenance activities, the 
performance of HDSs can be effectively maintained.  
The field of hydraulic drive systems (HDSs) has witnessed significant advancements and 
developments in recent years, driven by the need to enhance maintenance activities and embrace 
the principles of the circular economy. The integration of additive manufacturing methods and 3D 
scanning technologies has opened up new possibilities for improving the efficiency, reliability, and 
sustainability of HDSs. 
Additive manufacturing, also known as 3D printing, has emerged as a transformative technology in 
the field of hydraulic components production. Its ability to enable on-demand production, innovative 
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performance, and flexibility has paved the way for the remanufacturing of hydraulic components 
with complex geometries and specific characteristics. This allows for the revitalization of worn-out 
or obsolete components, reducing waste and supporting the circular economy principles. 
Throughout the article, the authors have presented various examples of the application of additive 
manufacturing technologies and the adaptation of the reverse engineering principle in the field of 
hydraulic drive systems. These examples highlight the practical implementation of 3D scanning 
and additive manufacturing techniques for remanufacturing hydraulic components, such as pumps, 
valves, and cylinders, with enhanced performance and extended lifespan. The utilization of additive 
manufacturing methods in the production of hydraulic components based on the principles of 
reverse engineering offers stability to functional characteristics and enhances reliability within the 
context of the circular economy. Additive manufacturing, also known as 3D printing, provides 
innovative performance and flexibility in on-demand production, enabling the remanufacturing of 
hydraulic components with complex geometries and specific characteristics. This technology opens 
up new opportunities for optimizing the maintenance and lifecycle of HDSs. 
Reliability-based maintenance (RBM) strategies play a crucial role in maximizing the potential of 
HDSs operation. By implementing RBM, it becomes possible to detect and exploit the maximum 
capabilities of hydraulic drive systems, ensuring their continuous and efficient performance. 
Additive manufacturing serves as a valuable tool in RBM strategies, offering the ability to quickly 
produce replacement parts or customized components when needed, reducing downtime and 
costs associated with traditional manufacturing and supply chains. 
The integration of additive manufacturing methods into the maintenance practices of hydraulic 
drive systems brings numerous benefits, including reduced lead times, increased customization 
possibilities, improved resource efficiency, and minimized waste generation. By embracing these 
new trends and developments, industries can enhance the sustainability and circularity of their 
hydraulic drive systems, contributing to a more efficient and environmentally friendly approach to 
manufacturing and maintenance.  
The principle of reverse engineering plays a crucial role in the adaptation of additive manufacturing 
technologies for HDSs. By utilizing 3D scanning techniques, the existing components can be 
accurately captured and converted into digital models. These models serve as a basis for the 
production of new components through additive manufacturing, ensuring stability in functional 
characteristics and reliability. 
Overall, the combination of additive manufacturing, 3D scanning, and the circular economy 
concept presents a promising future for the field of hydraulic drive systems. By leveraging these 
technologies and principles, it is possible to achieve sustainable and efficient maintenance 
practices, leading to enhanced performance and reduced environmental footprint in the hydraulic 
industry. As the field of additive manufacturing continues to evolve, further research and 
development are needed to explore the full potential of this technology in the context of hydraulic 
drive systems. Continued collaboration between academia, industry, and policymakers is crucial to 
address the challenges and seize the opportunities offered by additive manufacturing, circular 
economy concepts, and the integration of advanced maintenance strategies. 
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Abstract: The various geometric discontinuities in the structure of the pressure equipment components, 
existing from the initial phase or during their operation, lead to the appearance of stress states that must be 
evaluated with great precision. Their values can be compared with the load-bearing capacity of the structures 
or with that established at the time of evaluation. In this way, the future lifetime of the structure or its 
decommissioning can be determined. 
This article considers a geometric discontinuity between three cylindrical elements, with different 
thicknesses, built from the same material, with a sudden transition between them. The intermediate element 
is considered a short cylinder. The analysis of the continuity of the radial and angular deformations, the 
deduction of the connection loads and the subsequent evaluation of the developed stresses under the action 
of the existing external loads are accepted.  

Keywords: Structural geometric discontinuities, deformation continuity, stress states 

1. Introduction  

The human requirements for obtaining the most diversified products, using both metallic and non-
metallic materials, imposed the design, manufacture and use of specialized equipment, with a well-
justified life span. Chemically and/or mechanically aggressive substances can lead to component 
damage, which is an essential reason for which theoretical, analytical, and numerical, as well as 
experimental, methods must be developed to estimate the current stress states. Those stated refer 
to static equipment under pressure: pressure vessels with geometric discontinuities or structural 
imperfections [1 - 16], technological pipes [17, 18], assemblies with flanges [19], jackets for 
heating/cooling [20]; dynamic equipment: centrifuges [21, 22]; material breakage criteria [23], 
holes, notches, for example. 
 

 

Fig. 1. The geometric structure subject to analysis 
 
This article deals with the analytical evaluation of the stress states developed in a geometric 
structure composed of neighboring cylindrical areas, with different geometries, with a passage 
without connection between them - figure 1. As working parameters, the internal pressure and 
temperature are considered (the analysis of stress states is not excluded in the case of above-
ground pipes, buried ones or structures required by dynamic loads). 
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To determine the connection loads (unitary shear forces 01 0 2,Q Q   N m  and unitary bending 

moments 01 0 2,M M  N m m ) – figure 2 - the compatibility of the continuity equations of radial 

displacements and rotations of neighboring elements is used. 

     
 

a)  
                

 

b) 

 

 

c) 

Fig. 2. Discretization and loading of the analyzed geometric structure 
a - structural element 1; b) – structural element 3; c) structural element 2 (short cylindrical element) 

 

2. Working assumptions  

1. The construction material of the cylindrical sections is considered homogeneous, isotropic and 
continuous. The load is considered to be in the elastic range. The transition between sections, with 
different thicknesses, is abrupt (no linear transition or curve). 
2. The intermediate section has a constant thickness, less than that of the side sections. Its length 

falls into the category of short cylinders [24]:  2 2 212.5s c mL L R      (length less than the 

characteristic half-wavelength [24]) 

3. Determination of connection loads  

As previously mentioned, to determine the connection loads in the present case, the deformation 
continuity equations are written, resulting in the linear algebraic system: 

     01 01 0 2 0 2 1 2 3 4, , , , , , ,T TA M Q M Q b b b b =                                    (1) 
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where  A  represents the non-zero matrix of the influence factors of the connection loads: 

 
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 01 01 0 2 0 2, , , TM Q M Q - the transposed vector of the connection loads – figure 2; 

 1 2 3 4, , , Tb b b b  - the transposed vector of the free terms: 
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Note:  
 
1. The radial displacements of elements 1 and 3 have been corrected by bringing them to the 
values corresponding to the median surface of element 2 - figure 2. 
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2. In the previous analysis only the effect of an internal pressure was considered. In the situation 
where the structure is subjected not only to internal pressure but also to external pressure, ep , as 

in the case of buried pipes, for example, the significance of ip  will be reconsidered by means of 

the load 
i i ep p p• = − .  

 
The mentioned connection tasks are established using the equality: 

     1

01 01 0 2 0 2 1 2 3 4, , , , , , ,T TM Q M Q A b b b b−=                                 (6) 

where   1A − represents the inverse of the nonzero matrix  .A  

 
Notations used above: 
 
- the influence factors, dimensionless, from the previous expressions, have the configuration: 

( ) ( ) ( )2 2 2 2 2 20,5 ;hs sh k L ex p k L ex p k L=  =    − −     

( ) ( ) ( )2 2 2 2 2 20,5 ;hc ch k L ex p k L ex p k L=  =    + −     

( ) ( ) ( )2 2

2 2 2 2 2 2 ;N N k L sh k L sin k L=  =  −   

( )2 2 ;s sin k L=   ( )2 2 ;c cos k L=   

( ) ( ) ( ) ( )2 2

1 1 2 2 2 2 2 2; ;m m h m m h hf f k L s s N f f k L s c s c N=  = + =  = −  +   

( ) ( )1 1 2 2 ;q q h hf f k L s c s c N=  =  −  ( ) 2

2 2 2 2 ;q q hf f k L s N=  =  

( ) 2

3 3 2 2 ;q qf f k L s N=  = ( )2 3 2 3 2 2 2 3 ;q q q qf f k L f f=  = +  

( ) ( )2 2 1 2 ;m d m d m h m h h hf f k L f c c f c s s c s s=  =   +   +  +   

( ) ( )2 2 1 22 ;m r m r m h h m h h hf f k L f c s s c f c c c s s c=  =   −  +    +  +   

( ) ( ) ( ) ( )2 2 1 2 3 .q r q r q h h q h h q h hf f k L f c s s c f c c s s f c c s s=  =   −  +   −  +   +   (7) 

( )24 3 1j m j jk R =  −  −
 
attenuation factor,

 
2 ;N m   1, 2, 3 ;j =   

ip −  internal pressure, 2 ;N m     
j −  wall thickness of cylindrical elements, j  , 1, 2, 3 ;j =  

T −  thermal deformation factor,  1 ;K  

E −  modulus of  longitudinal elasticity of the construction material, 2 ;N m    

jL −  length of cylindrical elements, ( )1, 2, 3 ;j j =  

2

1 20,5 ;i i mP p R R=   1 1 2 1 ;m mP P R R• =   1 1 2 3m mP P R R• • =  −  unit axial forces   ;N m  

iR −  inner radius of the analyzed cylindrical elements,  ;m 2m j i jR R = + −  average radius 

( )1, 2, 3 ;j j =  

( )3 212 1j jE    =   − −  the cylindrical bending rigidity of the constructive elements, 1, 2, 3 ;j =

jT −  thermal gradient characteristic of the cylindrical element  K  ( )1, 2, 3 ;j j =  for constant 

internal temperature and different external temperatures, the thermal gradient is different for each 
section; in the case of constant internal temperature inside and outside, 1 2 3 .T T T T =  =  =    
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4. Stress states 

4. 1. Cylindrical elements 1 and 3 

The axial ( )1 t x  and annular stresses ( )2 t x  developed in the cylindrical elements 1 and 3, 

under the action of external loads - internal pressure and temperature - have the expressions: 

( ) ( )
1 2

6
;

2

i m t c t

t T t

t t

p R M x
x E T 

 
 

=  +   


                               (8) 

( ) ( ) ( )
2 2

6
,

i m t c t t

t T t

t t t

p R M x T x
x E T


 

  
  

=  + +                     (9) 

where t  represents the number of the constructive element ( 1, 3t = −  figure 2), respectively

( )tM x  - unitary radial bending moment, developed by the unitary force 0 tQ  and the unitary radial 

bending moment 0 tM - figure 2: 

( ) ( ) 2

0 0

1
,

m

t t t e x t t e x t e x

t m t

R
M x Q s M c s

k R

 
=   −  +  
 

                               (10) 

( )tT x - unitary annular force: 

( ) ( )0 0 22 ,t t t e x t t t e x t e x t mT x Q c k M c s k R =   −   −                             (11) 

respectively: 

( ) ( ) ( ) ( ); .t e x t t t e x t ts e x p k x sin k x c e x p k x cos k x= −    = −                      (12) 

Note:  
 
The current quota, for the cylindrical elements 1 and 3, has every time zero value in the separation 
plan from cylinder 2. It is measured, further, along the characteristic generator of each long 
cylinder 1 and 3. 

4. 2. Cylindrical element 2  

The expressions for the radial tension ( )1 2 x  and for the annular tension ( )2 2 x , 

corresponding to cylinder 2 (fig. 2), have the forms: 

( )
( ) ( )2 01 0 2 2 01 0 22

1 2 22 2

2 2 2

6 , , 6 , ,
;

2

x xi m

T

M x M M M x Q Qp R
x E T 

  

 
=  +   


          (13) 

( )
( ) ( )2 01 0 2 2 01 0 22

2 2 2 2

2 2 2

6 , , 6 , ,x xi m
K x M M K x Q Qp R

x
  

 
=  +  

( ) ( )2 01 0 2 2 01 0 2

2

2 2

, , , ,
,

x x

T

T x M M T x Q Q
E T

 
+ + +                         (14) 

where the following notations were used: 

( ) ( )
2 2

2 2 2 2

2 2

1

2 01 0 2 01 2, ,

m k x h k x

x m k x h k x k x h k x

k x h k x

f s s

M x M M M f c s s c

c c

−   + 
 

=  +   −  + + 
 

+   
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2 2 2 2

2 2 2 2 2 2 2 2

2 2 2 2

0 2 1 2

k L x h k L x

m k L x h k L x m k L x h k L x

k L x h k L x

c s
M f s s f c c

s c

  −  +  −   +  +   −     
  ;                  (15) 

( ) ( )
2 2 2 2 2 22 01 0 2 01 1 2 3

2

1
, ,x q k x h k x q k x h k x q k x h k xM x Q Q Q f s s f s c f c s

k
=   −   −   +   +  

2 2 2 2 2 2 2 2 2 2 2 20 2 1 2 3

1
;

2
q k L x h k L x q k L x h k L x q k L x h k L xQ f s s f s c f c s +   −   −   +               (16) 

( ) ( )2 01 0 2 2 01 0 2, , , , ;x xK x M M M x M M=                                  (17) 

( ) ( )2 01 0 2 2 01 0 2, , , , ;x xK x Q Q M x Q Q=                                    (18) 

2 2 2 2

2 2 2 2 2 2 2 2 2 2

2 2 2 2

0 2 1 2 ;
k L x h k L x

k x h k x m k L x h k L x m k L x h k L x

k L x h k L x

c s
s s M f c c f s c

s c



 


  +  +  +    +  +      +      
     (19) 

( )  2 2 2 2

2 2

1 2

2 01 0 2 2 2 01

3

, , 2
q k x h k x q k x h k x

x m

q k x h k x

f c c f c s
T x Q Q k R Q

f s c

  +   + 
= −     +  +   

 

( )
2 2 2 2 2 2 2 2 2 2 2 20 2 1 2 3 ;q k L x h k L x q k L x h k L x q k L x h k L xQ f c c f c s f s c +    +   +                  (20) 

( )
2 2 ;k xs s i n k x=  ( )

2 2 ;k xc c o s k x=  ( )
2 2 ;h k xs s h k x=  ( )

2 2 ;h k xc c h k x=           (21) 

( )
2 2 2 2 ;k L xs s i n k L x=   −    ( )

2 2 2 2 ;h k L xs s h k L x=   −                 (22) 

( )
2 2 2 2 ;k L xc c o s k L x=   −    ( )

2 2 2 2 .h k L xc c h k L x=   −                  (23) 

Note: In equations (13) and (14) the plus sign for the radial unit bending moments 

( )2 01 0 2, ,xM x M M  and ( )2 01 0 2, ,xK x M M  is characteristic of the inner surface of the 

cylindrical element 2. In the case of the radial unit bending moments ( )2 01 0 2, ,xM x Q Q and 

( )2 01 0 2, ,xK x Q Q  the plus sign corresponds to the outer surface of the short cylinder 2 (fig. 2). In 

the case of the same equalities (13) and (14), the annular unitary forces have a plus sign for 

( )2 01 0 2, ,xT x M M , respectively a minus sign for ( )2 01 0 2, ,xT x Q Q , as shown by the equalities 

(19) and (20). The x  quota has its origin in the separation plane of elements 1 and 2 and its 
maximum value ( 2x L= ), in the separation plane of components 2 and 3. 

5. Conclusions 

In this paper, the connection between two long cylindrical elements and a short, intermediate 
cylindrical element is considered. The continuity equations of the radial and angular deformations 
are established, so that based on the linear algebraic system, the expressions of the connection 
loads - unit bending moments and unit shear forces - are deduced. With their help, the expressions 
of the radial and annular stresses (plane stress state), dependent on a current quota, expressed in 
the context, are described. For the accepted resistance theory (usually the IV or V theory [25]), the 
maximum equivalent stresses are established on the internal and external surface of the analyzed 
constructive element Such a value is compared with the admissible resistance of the construction 
material, under the specific conditions of application. As a result, the bearing capacity of the 
construction can be appreciated, for safe operating conditions. In the case of designing structures 
with discontinuities, the above data allow the modification of the geometry to ensure safe 
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conditions of use. The previous calculation methodology can also be used if the transitions from 
one structure to another will be with a connection or with a linear transition. 
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Abstract: The surgical field represents a delicate and complex side of medicine and the introduction of 
robots has considerably improved the lives of patients and doctors. Robotic surgery has advanced 
astonishingly in recent decades and specialists are trying to exceed the expectations that people may have 
from the robots used in medicine at the present time. The technology used in these robots continues to 
amaze not only by the complex way in which they work, but also by the fact that soon the operations will be 
able to be fully automated or carried out even remotely. This paper broadly presents an evolution of robotic 
surgery from the first application of robots in the surgical field to the present.  

Keywords: Robot, surgeon, robotic surgery, da Vinci Xi, Mako   

1. Introduction  

Once the robots have been implemented in the surgical field, the quality of the medical act has 
increased considerably and this is largely due to the way of how the robots are working because 
they have a much higher accuracy compared to the surgeon's hand.  
The robots improve the dexterity and abilities of the doctor and they offer a better visibility during 
interventions because they use advanced imaging systems.  
Even though they have demonstrated impressive performances, a surgical robot is different from 
an industrial one because it does not have the same autonomy and requires assistance from 
doctors during surgery. 
The present work aims to highlight the complexity and performances of these medical robots, while 
demonstrating how much robotic surgery has advanced in recent years and where it is headed. 
The research methodology and development of this scientific paper is based on recent 
experiments and specialist’s demonstrations, brochures and professional journals, case studies 
and computer-aided design. 

2. Present state 

2.1 General considerations 

The first application of a robot in medicine was made in the field of neurosurgery when an industrial 
robot, PUMA 200, was successfully used for a brain biopsy procedure in 1985.  
 

 

Fig. 1. PUMA 200, the first robot used to assist human neurosurgery [2] 

mailto:ana.maria_barbu@yahoo.com
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PUMA 200 (Programmable Universal Machine for Assembly) was, in fact, an industrial robotic arm 
originally created for the General Motors company. Under CT guidance, PUMA performed a brain 
biopsy on a 52-year-old man with a deep brain injury. This robot was able to precisely position the 
biopsy needle and it is considered the prototype of the robotic systems which are now used in 
neurosurgery [1]. 
Medical interventions assisted by robots represent a completely different experience from classic 
surgery therefore, doctors do not get to operate with them immediately and they have to go 
through certain stages before. The first step would be to practice in virtual programmes. In this 
regard, simulators for robotic surgery exist. They even have a haptic feature that helps surgeons 
feel the resistance of the tissues they need to sew or dissect, thus surgeons experience an 
environment as close as possible to reality. The next step is to operate on animals and then pass 
an exam that brings them accreditation in robotic surgery [1]. 

2.2. Surgical robots used in Romania and worldwide 

There are surgical robots in 15 public and private hospitals, and only 8 robots are functional, the 
others not being used, mainly because of financial reasons. Regina Maria is the health network in 
Romania that has 4 surgical robots and two of them are da Vinci Xi robots - the best performing 
surgical system currently available [3]. 
The da Vinci Xi robot is an ultra-performance system, controlled by the doctor from a computerized 
console, through which the surgeon simultaneously manipulates the 4 robotic arms. An arm is 
designed to accurately handle the 3D and HD endoscope, and the other 3 arms handle the surgical 
instruments. The robotic arms are articulated, they have 7 degrees of freedom and perform a 
natural movement, but much more extensive and accurate compared to the one made by the 
human hand. The movements of the surgeon's hands are filtered and transformed by the system to 
become much more precise, without tremors. The 3D image transmitted by the robot can be 
magnified up to 10 times, observing even the smallest details [4]. 
An overview of the da Vinci Xi performing system is represented in Fig. 2, and the Fig. 3 and 4 
closely show the arms of the robot and the console where the surgeon sits and through which he 
handles the robot. The console has two joysticks which the doctor uses for transmitting movements 
at the robot. 
 

 

Fig. 2. The da Vinci Xi robot [4] 
 

With the help of the da Vinci Xi robot, the surgeon manages to enter narrow anatomical spaces, 
thus operating millimetrically, with great accuracy. In the operating field, da Vinci Xi far exceeds the 
doctor also because of its superior vision, he rendering high-quality images from hard to reach 
areas [4]. 
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Fig. 3. The arms of the da Vinci Xi robot [3] 
 

Fig. 4. The console through which the surgeon 
controls the da Vinci Xi robot [3] 

                                                                                                      
The second surgical robot introduced in Romania is Mako, considered the first robot in Eastern 
Europe used in orthopedic hip and knee replacement surgery. Mako is rather a robotic arm that 
provides an excellent precision to the surgeon's hand. The robot is intended for total hip 
arthroplasty and total and partial knee arthroplasty. From all of the prosthesis procedures, the knee 
one is the most difficult to achieve because it involves an extremely complex articulation which 
requires high precision. The Mako robot manages to provide this precision, making the difference 
between the classic operation and the one where robots are integrated [3]. 
 

  
 
 

Fig. 5. The Mako robot handled by the surgeon [3] 
 

Fig. 6. The Mako System [5] 
 

 
Before any intervention, the problem is assessed and a customized 3D model of the prosthesis is 
designed according to the anatomy of each patient [3]. 
Also, Mako uses haptic technology ensuring that only the affected bone is sectioned. The robotic 
arm will emit a warning sound if the surgeon exceeds the limits created in the operative plan [5]. 
Following the use of the Mako robot in interventions, many things have been observed: reductions 
in pain and recovery time for the patient, reduced use of pain medication and reduced 
postoperative complications. Fig. 7 contains a graph which indicates the pain experienced by 
patients over a period of 90 postoperative days, both for the classic operation, performed only by 
the surgeon, and for the operation in which the Mako robot was involved. Throughout these 90 
postoperative days, patients felt less pain in the case of interventions performed with the Mako 
robot [5]. 
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Fig. 7. Visual analog scale for 90 days after surgery [5] 
 

According to the study conducted by Raed A. Azhara, Mohamed A. Elkoushyb and Saad 
Aldousarica in 2019 (article: Robot-assisted urological surgery in the Middle East: Where are we 
and how far can we go?), it turns out that the Middle East possesses only 1% of robotic systems 
da Vinci surgical systems installed worldwide (of which approximately 19 in Saudi Arabia; 6 in 
Qatar; 2 each in Kuwait and Lebanon; 3 in the United Arab Emirates; and only one in Egypt), while 
in Europe and the USA the presence of robots surgical da Vinci is much more significant, as 
follows: France 90 pcs., Italy 84 pcs., Germany 77 pcs., Belgium 34 pcs., Turkey 34 pcs., and 2344 
pcs. installed in the USA. 

2.3. Robotic automation in surgery  

Robotic automation in surgical field has highly developed and it is demonstrated by current 
researches. A team of experts from Johns Hopkins University designed "STAR" (Smart Tissue 
Autonomous Robot) which was able to perform laparoscopic surgery on the soft tissue of a pig 
without being guided by the human hand [6]. 
Experts have equipped the robot with a three-dimensional endoscope and advanced imaging 
systems that provide more accurate views of the operating field. Because of its unpredictability, 
soft tissue surgery is particularly difficult for robots as they are forced to adapt quickly to deal with 
any unexpected obstacles in case of necessity. STAR has in its composition a new control system 
which can adjust the surgical plan in real time, like a surgeon would. Therefore, the robot has 3 
essential functions: planning, adaptability and execution. Experiments showed that the robot 
produced significantly better results than doctors performing the same procedure individually. 
STAR is an improved version of a robot from 2016 which precisely operated on the intestines of a 
pig. The old version made a larger incision to access the intestine and has required more guidance 
from the doctors. The actual study represents a significant step in robotics for fully automated 
surgery on humans [6]. 
The robot uses artificial intelligence along with haptic and virtual sensors during surgical 
interventions and has been shown to outperform surgeons in certain tasks based on quantitative 
analysis [7]. 
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Fig. 8. The autonomous robot STAR [8] 
 
STAR gives the surgeon a supervisor role who monitors the operation process and interferes only 
if it’s necessary. Experts said that the robot can work for a long time ensuring the same accuracy. 
The team expects that in about 5 years, STAR will be in the operating rooms [8]. 

2.4. Remote robotic surgery 

Robot-assisted surgery has advanced so far that a question of operating remotely with the help of 
robots arises. The most recent study in this regard was done by the Monogram Orthopedics 
company which is revolutionizing knee arthroplasty and orthopedic implants. Monogram 
demonstrated the possibility of remote operation in a recent experiment from March 2023 where it 
was demonstrated that it is possible to operate from a distance of approximately 1743 miles. From 
New York, with the help of a pedal, the surgeon guided the robot which was located in Austin, 
Texas. The main steps of the procedure were: detection of the femur and tibia, points control 
recording, actual cutting with the robot, and finally checking the articulation [9]. 
 

  
Fig. 9. The monogram robot in the operating room  

(at Austin) [9] 

 

Fig. 10. The pedal used by the surgeon from 
New York to control the robot's positions [9] 

 
The robot proves to be effective due to several characteristics such as: 7 degrees of freedom 
which allow a wide range of movement, closed loop control system and an actively navigated 
milling which is easily and accurately carried out in the idea of preparing the space for the implant. 
The tool used is a sagittal saw or a milling cutter. The surgeon uses the high-performance imaging 
system provided by the robotic system. The CT scan (Fig. 11) represents the patient's plan which 
is the basis of the operation. With the help of this plan, the doctor can access what he wants for 
analysis and surgical intervention. First, the doctor analyzes this plan, then the position is checked, 
the femur is examined first, then the tibia, and the control points for each one are recorded. These 
steps are followed by the actual cutting procedure exemplified in Fig. 12 [9]. 
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Fig. 11. The patient's CT plan [9] Fig. 12. Incision [9] 
 
The implants used by Monogram company also involves a different technology. Currently, 
cemented implants are used in over 90% of joint replacement surgeries. These can break, causing 
problems over the time. Monogram says it will use porous metal press-fit protheses, which allow 
the bone to fuse with the metal and hold it in place as naturally as possible [10].   

3. Case study – Finite element analysis of a telemanipulator 

The case study concerns the finite element analysis of a telemanipulator used in minimally invasive 
surgery to demonstrate its performance. Fig. 13 shows the 3D model of the telemanipulator made 
in the SolidWorks program [11]. 
  

  

Fig. 13. The 3D model of the telemanipulator [11] Fig. 14. The telemanipulator's workspace [11] 
 
For the finite element analysis, two cases are represented in Fig. 15. In the first case (a) a force of 
50 N was applied, and for the second case (b) one of 5 N. Images show the X-axis displacement 
results for the positive direction in case (a) and the negative direction in case (b). 
 

 
 

Fig. 15. Finite element analysis (after [11]) 
 
The results obtained from the finite element analysis (FEA) show that the resulting maximum 
displacements do not exceed 1.5 mm in all of the considered cases [11]. 
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Thus, the resulted displacements from this analysis are very small and do not affect the 
performance of the robotic arm during operation. 

4. Conclusions 

The introduction of robots in surgical interventions offers numerous advantages such as: greater 
precision during the medical act, smaller incisions, therefore smaller scars, reducing the risk of 
infections, quick recovery, reduced length of hospital stay.  
Also, with the integrability of robots in interventions, less blood was lost during surgery, so it is a 
less need for blood transfusions, less pain and less administration of analgesics. 
Operating with robots is a completely different experience and doctors go through a training 
process in order to be able to operate with them. Same as patients, the doctors have seen 
improvements, reporting less fatigue following robot-assisted interventions and feeling a greater 
satisfaction for the medical procedure. 
Currently, a robot used in the operating room does not have the autonomy of an industrial robot. 
More specifically, it does not perform an operation after receiving an order, and that is precisely 
why the surgical robots currently used in operations are assisted and guided by doctors. However, 
recent studies have shown that robotic automation in surgeries is possible, a concrete case being 
the STAR robot from Johns Hopkins University. 
Although, at the present moment, robots assist doctors during interventions, in the future seems 
that they will perform the operations by themselves, and the surgeon will only supervise the 
process. Current studies demonstrate this possibility and reveal how powerful the technology used 
for medical robots is. 
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Abstract: Design of mobile robots has become an increasingly growing trend in the technology of modern 
times. They are very attractive engineering systems, not only because of many interesting theoretical 
aspects concerning kinematics, intelligent behavior and autonomy, but also because of applicability in many 
human activities. A typical example is the line following robot (LFR). In order for a LFR to function effectively, 
it must demonstrate excellent line tracking control. This is achieved by having accurate and responsive 
control algorithms as well as high precision color sensor systems. This paper proposes a system to show 
that good line tracking performance can be achieved with moderately simple digital control algorithms. The 
platform used is a differentially driven wheeled robot constructed using the Lego Mindstorms components. 
The simulation models are presented and analyzed using MATLAB Simulink. The main programming 
environment is the EV3 Software.   

Keywords: Digital control, line following robot   

1. Introduction  

Robotics is a branch of engineering that involves the conception, design, manufacture and 
operation of robots. The field overlaps with electronics, computer science, artificial intelligence, 
mechatronics, nanotechnology, bioengineering and control engineering. Robots are mechatronic 
engineering products, capable of acting autonomously while implementing assigned behaviors in 
various physical environments. The developed use of robots in many areas makes the 
fundamental understanding of them fundamental. 
In recent years there has been a rapid increase in the use of digital controllers in control system. It 
has become routinely practicable to design very complicated digital controllers and to carry out the 
extensive calculations required for their design. The current adoption of digital rather than analog 
control in robotics is due to the genuine advantages found in working with digital signals rather 
than continuous time signals. 
The use of analog controllers in control engineering poses problems such as limited accuracy, 
susceptibility to noise and drift of power supply, cost ineffectiveness and less flexibility. Digital 
control systems are more suitable for modern control systems because of reduced cost, noise 
immunity and speed. 
Line following robots need to adapt accurately, faster, efficiently and cheaply to changing operating 
conditions. The drawbacks prominent in analog controllers reduce their suitability in robotics. 
Hence, the necessity for digital controllers which provide better performance capabilities. Some 
works on this topic can be found in literatures [1-5]. 

2. Design methodology 

2.1 Lego Mindstorms line follower robot design 

A line follower shown in Fig.1 is a mobile robot which is able to follow a visible line on a surface 
consisting of contrasting colours. To build and run the robot, the required hardware included; Lego 
EV3 brick, power supply, 2 large servo motors, a set of wheels, colour sensor, connector cables, 
beams, axles, bushes and pins. The EV3 brick formed part of the chassis, equipped with wheels. 
The servo motors are used to drive the two front wheels. Two rear small castor wheels supported 
the robot. The robot had a colour sensor mounted at the front end to identify the line. It is centered 
between the two front wheels, which are separated by a distance of 7.4 cm. It is designed to follow 
an oval track made of black electrical tape (18 mm wide) on a white surface. 
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Fig. 1. Line following robot 
 

2.2 Study of Lego Mindstorms EV3 motor 

Lego Mindstorms has not published the EV3 motor's electromechanical characteristics. Table 1 
shows the proposed parameters used in this paper, while, Table 2 shows the operational 
specifications.   
 
                                                              Table 1: Lego Mindstorms EV3 large motor characteristics 

Motor Parameter Unit Value 

Torque constant N.m/A 0.2 

Back e.m.f. constant V.s/rad 0.5 

Armature resistance Ω 5 

Armature inductance H 0.005 

Viscous damping coefficient, B N.m/rad.s 0.0006 

Rotor inertia coefficient, J N.m 0.001 

   
                                                                                               Table 2: Operational specifications 

Nominal Voltage 7.2V or 9V 

Rotation Speed at no load 160 – 170 rpm 

Running Torque 0.20 N-m 

Stall Torque 0.40 N-m 

 
Fig.2 shows the motor model simulated using MATLAB Simulink. 
 

 

Fig. 2. Motor implementation on Simulink 
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2.3 Line following robot algorithms 

Line following works by using the colour sensor (in reflected light intensity mode) to read the 
changes in the reflected light levels along the edge of a dark and light surface. The reflected light 
intensity is measured as a percentage from 0% (very low reflectivity) to 100% (very high 
reflectivity). More light is reflected from a white surface compared to the black surface. Depending 
on the light sensor value, the motors are directed to vary the speed. 
In a program, white and black values are defined using a threshold value. Threshold is the average 
of the sensor value with the sensor on the black line and one found on the white area. Different 
measurements for black and white depend on factors such as the light level in the room, the 
robot’s battery level, and the type of surface used. 
The light sensor will read the light value. Then the robot can be programmed such that if the 
sensor sees black, which is when the sensor value is less than the threshold, the robot should turn 
right, else it should turn left. The basic line following approach is shown in Fig.3, and can be 
summarized as follows: 
1- The robot will be started. It will then be set to move forward. It will be made to steer right until it 
detects the line edge. 

2-Once the sensor sees black, the robot will continue to go forward while turning left gradually. 

3-Whenever the sensor will see white (i.e. the robot leaving the line), the robot will turn to the right 
until the sensor finds black again. 
4-The sequence then will be repeated in a loop, unless the robot is stopped. 
 

 

Fig. 3. Basic line following approach 

2.4 Digital controller design 

A robot without a controller will oscillate a lot about the line, leading to more consumption of battery 
power, less speed and following the line less efficiently. 
When designing a line following robot, the transient response specifications are defined as: 
1-Rise time: It is how fast the robot will try to get back to the line after it has drifted off. 

2-Overshoot: The distance past the line edge the robot will tend to go as it is responding to an 
error. 3-The amount of overshoot indicates the relative stability of the system. 

4-Steady-state error: The offset from the line as the robot follows a long straight line. 

5-Settling time: The time the LFR will take to settle down when it encounters a turn. 
The performance criteria are stipulated as follows: 
1-Constant speed of 0.1m/s to be maintained despite the presence of turns. 

2-Steady-state error: Less than 2% 

3-Settling time of less than 0.1 seconds 

4-Overshoot (%) of less than 1.0 

5-Finite phase margin 

The robot controller to be designed is to be modified until the transient response met is 
satisfactory. 

2.4.1 Proposed controller design 

The proposed controller is a Proportional-plus-Integral-plus-Derivative (PID) digital controller. The 
PID controller would control the position of the robot with quick response time and minimize the 
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overshoot. The proportional part would determine the magnitude of turn required to correct the 
error sensed. The integral part would improve the steady state error (proportional offset) which 
increases while the robot is not on the line. The derivative part would measure the deviation from 
the path and minimize overshoot. It would reduce the oscillating effect about the line. The 
derivative control is used to provide anticipative action. 

2.5 Implementation of line following control algorithm for Lego Mindstorms EV3 hardware 

Fig.4 shows the Simulink line tracking program with PID controller, while Fig.5 shows EV3 software 
line following program with PID controller. Sensors and motors contain blocks that interface with 
the EV3 hardware. Actual speed values block uses the values from each motor encoder to 
calculate the position and velocity of the robot. Desired velocity takes the user-provided velocity 
(m/s) and converts it into the desired state values for the velocity controller. Desired light takes the 
color sensor's white and black values to choose an appropriate reference value for the light. 
Velocity control has the PID controller implementation to control the forward velocity. Line tracking 
controller has the PID controller implementation to control the turning. 
However, to download and run a line tracking Simulink model on the Lego Mindstorms EV3 robot, 
EV3 Wi-Fi Dongle or USB Ethernet Adaptor, and Wi-Fi Router are required to set up a network 
connection between EV3 brick and host computer. 
The line following program is then written in EV3 software programming language. The black and 
white light intensity values are calibrated accordingly for the robot and the track. Using the 
provided USB cable, the program is downloaded and run on the robot. PID parameters (Kp, Ki, 
and Kd) tuning is done experimentally to achieve smoother line tracking. 
 

 

Fig. 4. Simulink line tracking program with PID 
controller 

 

Fig. 5. EV3 Software line following program with PID 
controller 
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3. Simulation results 

3.1 EV3 large motor characteristics 

Table 3 shows the EV3 motor load characteristics, from which the linear relationship between 
power level and EV3 large motor speed noticeable as shown in Fig.6. Also, from table 3, the 
rotation speed of the EV3 large motor is proportional to the input voltage. 
 
                                                                                           Table 3: EV3 motor load characteristics 

Input 
Voltage 

Torque Rotation 
speed 

Current Mechanical 
power 

Electrical 
power 

Efficiency 

4.5 V 17.3 N.cm 24 rpm 0.69 A 0.43 W 3.10 W 14 % 

6.0 V 17.3 N.cm 51 rpm 0.69 A 0.92 W 4.14 W 22 % 

7.5 V 17.3 N.cm 78 rpm 0.69 A 1.41 W 5.17 W 27 % 

9.0 V 17.3 N.cm 105 rpm 0.69 A 1.90 W 6.21 W 31 % 

10.5 V 17.3 N.cm 132 rpm 0.69 A 2.39 W 7.24 W 33 % 

12.0 V 17.3 N.cm 153 rpm 0.69 A 2.77 W 8.28 W 33 % 

 

 

Fig. 6. Graph of rotation speed against applied voltage 
 

3.2 PID parameters tuning  

Different values of PID parameters (Kp, Ki, Kd) are chosen in order to get the step response. 
 
1- For Kp=1, Ki=0, Kd=0 

 

 

Fig. 7. Step response: Kp=1  
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Observations: 
Rise time = 0.0112 seconds 
Settling time = 0.0203 seconds 

Final value = 0.875 

 
2- For Kp=5, Ki=0, Kd=0 
 

 

Fig. 8. Step response: Kp=5 
 
Observations: 
Rise time = 0.0021 seconds 
Settling time = 0.00686 seconds 
Final value = 0.972 
Overshoot (%) = 10.6 
Peak amplitude = 1.08 
 
3- For Kp=2.4, Ki=0, Kd=0 
 

 

Fig. 9. Step response: Kp=2.4 
 
Observations: 
Rise time = 0.00425 seconds 
Settling time = 0.00657 
Final value = 0.94 
Overshoot (%) = 0.988 
Peak amplitude = 0.953 



ISSN 1453 – 7303                                                                   “HIDRAULICA” (No. 2/2023) 
Magazine of Hydraulics, Pneumatics, Tribology, Ecology, Sensorics, Mechatronics 

 

  
69 

 

  

4- For Kp=2.4, Ki=0.01, Kd=0 

 

Fig. 10. Step response: Kp=2.4, Ki=0.01, Kd=0  
 
Observations: 
Rise time = 0.00425 seconds 
Settling time = 0.00657 seconds 
Final value = 0.944 
Overshoot (%) = 0.988 
Peak amplitude = 0.988 
 
5- For Kp=2.4, Ki=0.01, Kd=0.1 
 

 

Fig. 11. Step response: Kp=2.4, Ki=0.01, Kd=0  
 
Observations: 
Rise time = 0.00425 seconds 
Settling time = 0.00657 seconds 
Final value = 0.944 
Overshoot (%) = 0.988 
Peak amplitude = 0.953 

3.3 Frequency response  

Frequency responses are obtained for different values of PID parameters. 

1- For Kp=5, Ki=0, Kd=0 
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Fig. 12. Various frequency plots for the compensated system during tuning (Kp = 5)  
 
Observations 
The root locus exhibited complex closed loop poles. 
Both the phase and gain margin are infinite. 

The system is stable. 
 

2- For Kp=2.4, Ki=0.01, Kd=0.1 
 

 

Fig. 13. Various frequency plots for the compensated system (Kp=2.4, Ki=0.01, Kd=0.1) 
 
Observations 
The root locus closed-loop poles changed from complex to real. 
The system is still stable. 

The infinite gain margin showed inherent stability. 

 
4. General analysis 

The effects of each of controller parameters, Kp, Ki, and Kd on the line following robot are 
summarized in the table 4. 
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                                                                                     Table 4: Effects of increasing PID parameters 

Parameter Rise Time Overshoot Settling Time Steady-state Error 

Kp Decrease Increase Small change Decrease  

Ki Decrease Increase Increase Eliminate 

Kd Small change Decrease  Increase No change 

   
The difficulty of tuning increased with the number of parameters that are to be adjusted. To 
observe the response that resulted from the tuning adjustments, it is necessary to wait for several 
minutes. This made the tuning by trial-and-error a tedious and time-consuming task. 
In practice, the stability of a mathematical model is not sufficient to guarantee acceptable system 
performance or even to guarantee the stability of the physical system that the model represented. 
This is because of the approximate nature of mathematical models. 
The main problems associated with the implementation of digital control are related to the effects 
of quantization and sampling. The advantages of digital control outweigh its implementation 
problems for most of the applications. 

5. Conclusions  

A line following robot was designed and built using Lego Mindstorms EV3 components. Digital 
control algorithms were developed. The advantages and limitations of implementing the digital 
control on different software were studied. The effectiveness of using PID controller for optimum 
line tracking was demonstrated by inspecting the movement pattern of the robot while following the 
track. To obtain the desired control response, Kp, Ki and Kd were successfully determined by 
tuning. 
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Abstract: This paper focuses on calculating the monthly anomaly of precipitation using a straightforward 
methodology based on average monthly values and drought categorization. The specific case study 
conducted in this study pertains to the Papalotla River subbasin, which is a part of the Texcoco Lake basin. 
The research findings reveal that anthropogenic activities, particularly land use change, have had a 
detrimental impact on the environmental balance of the region. These activities have resulted in several 
negative consequences such as soil degradation, loss of biodiversity, and environmental pollution. 
Additionally, the utilization of water resources upstream has led to a reduction in runoff, further exacerbating 
the environmental challenges faced by the subbasin. Overall, the research highlights the significant 
disturbances caused by human activities in the Papalotla River subbasin. These disturbances have disrupted 
the natural area equilibrium, leading to adverse environmental effects. 

Keywords: Standardized Drought Index, monthly anomaly, Papalotla River, land use  

1. Introduction  

Mexico is a country that, due to its geographical characteristics, location, relief and location 
between two oceans, is impacted by different hydrometeorological phenomena and this increases 
vulnerability to climate change.  Hurricanes, droughts, extreme temperatures and torrential rains 
have caused serious human losses and high economic and social costs over time. These events 
limit development opportunities in the short and medium term. These and other consequences of 
the impacts of climate change have been addressed in various scientific studies and technical 
papers, which suggest that some of the negative consequences of climate variability are already 
visible and could worsen over the coming decades. Likewise, the aggregate impact of extreme 
events, resulting from climate change, can intensify other environmental and social problems, such 
as land use change, the shape and structure of urban settlements, production processes or the 
state of ecosystems [1]. As for precipitation, changes in rainfall distribution patterns are observed.  
Climate change scenarios present a high level of uncertainty, since in some cases a slight increase 
is projected in some regions, but in general a decrease in precipitation is appreciated. precipitation 
anomaly is the main indicator of the behavior of precipitation in a certain period and a certain 
place, it is a parameter that measures the deviation in percentage of the precipitation of a given 
period in relation to the historical average value of a period and indicates how far away the rainfall 
recorded, either below or above what is assumed to be the average or normal value; this indicator 
is important for assessing weather responses [1]. Droughts, storms and floods, all water-related 
phenomena, dominate the list of catastrophes of the last 50 years, both in terms of human and 
economic losses, according to a comprehensive analysis [2] (World Meteorological Organization, 
2012). 
Desertification is strongly linked to poverty and migration, since unproductive land causes scarcity 
and migration.  In absolute terms, the population below the poverty line increased from 15.9 million 
to 17.0 million people in the period 2008-2010 and it is estimated that between 300,000 and 
400,000 people are displaced each year, leaving behind unproductive land.  The international 
community, including Mexico, has long recognized that land degradation and desertification is a 
multidimensional economic, social, and environmental problem of concern to more than 167 
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countries in all regions of the world, affecting some two billion inhabitants and a quarter of the 
planet's land surface [3]. Desertification risks arise when human interventions modify the natural 
balance beyond its limits of resistance.  Historically, in dry regions, man has often developed 
social, cultural and economic systems that have allowed him to regulate pressure on basic natural 
resources (soil, water and vegetation), depending on the availability of those resources. In this way 
it has achieved a sustainable exploitation in the regime of rainfall variability of the region; the threat 
that hangs over these environments is, therefore, potential and degradation only appears after the 
rupture of the balance [4]. This paper presents a methodology with which it is intended to calculate 
the monthly anomaly of precipitation in a simple way from average monthly values and drought 
categorization having as a case study the Papalotla River subbasin which is part of the Texcoco 
Lake basin. 

2. Methodology 

The Valley of Mexico is closed basin as shown in Figure 1, without natural outlets for rainwater 
runoff and where there are convective storms of high intensity and short duration, which cause 
serious problems for the evacuation and control of its waters. In addition to this, the Mexico City 
metropolitan area (ZMCDMX) has grown in a disorderly manner, and snowing hillsides and old 
areas, coupled with this the ZMCDMX which is the most populated in the country, with more than 
22 million people settled in an area of the order of 7,000 square kilometers, which include Mexico 
City in whole and in part in the states of Mexico, Hidalgo, Tlaxcala and Puebla.  
 

 

Fig. 1. Location of the Papalotla River Basin 
 
The great difference in unevenness between ravines and subsidence allows runoff to descend 
unexpectedly, carrying garbage, mud and stones to the drainage systems and silting them. While, 
in the latter, they are characterized by differential subsidence of land, mainly due to the 
overexploitation of aquifers. These subsidence’s cause slopes and dislocations of drainage 
networks, causing flooding and waterlogging [5]. Papalotla River basin which will be taken as a 
study area is located east of the State of Mexico. Its source is located in the Sierra Nevada. It runs 
through the municipalities of Tepetlaoxtoc, Papalotla, Chiautla, Tezoyuca and Atenco, to finally 
flow into Texcoco Lake. This river is part of Valley of Mexico basin and like other rivers that make it 
up presents a high degree of pollution due to the discharge of wastewater, both domestic and the 
paper and livestock industry since 1985. 
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As established by the World Meteorological Organization, the Climatological Normal, or normal 
value, is used to define and compare climate and is generally represented by the average value of 
a continuous series of measurements of a climatological variable (precipitation, temperature, wind, 
etc.) over a period of at least 30 years. The difference between the recorded value of the variable 
and its normal value is known as an anomaly.  In general terms, the hydrometeorological data 
contain both a temporal and spatial structure, therefore, the statistical methodologies used in their 
analysis should consider this type of structures [6]. It is very important to remember that, of all 
meteorological parameters, precipitation is one of the most spatial-temporal variability. This fact 
makes it difficult to determine an interval within which the anomalies that occur most frequently can 
be grouped, to consider them as common alterations and, therefore, as normal values. We will call 
this range or interval hereinafter, the Threshold of Normality.  The anomalies, in the case of 
precipitation, are calculated as the quotient between the total recorded in a particular month and its 
multiannual average value and is expressed as a percentage, so that 100% indicates that a 
volume of water exactly equal to its historical average was recorded. That both the data move 
away from 100% up or down, indicates the degree of alteration by excess or default, respectively 
[7]. There are two very important aspects in the representation of precipitation anomalies on which 
this proposal of categorization of drought using the standardization of precipitation anomaly is 
based. Reflecting the situation of the event in relation to the series of past data is as important as 
the phenomenon itself and converts the numeric value into an index that categorizes the event and 
it is easily understood. The standardized anomaly is calculated according to the procedure used by 
Ogallo [2], where: 
 
                                                                   𝑍𝑖𝑗 = 𝑥𝑖𝑗−𝑥𝑗𝑆𝑗                                                                      (1) 

Where: 
Xij   is the cumulative total of the analysis period of station j in year i and xj, Sj are the mean and 
standard deviation of that period, respectively. 
Under this premise it is proposed that for the calculation of the proposed anomaly will be monthly 
by weather station to which the following equation is proposed: 
 

                                                              𝐴𝑛𝑜𝑚𝑎𝑙𝑦 = 𝑥𝑖−𝑆𝑜𝑖𝑆𝑜                                                               (2) 

 
Where xi is the mean of the value of month i over the period, Soi is the standard deviation of the 
mean of month i and So is the average deviation of all months.  
The standardized drought indices (SI) evaluate the difference between the values of the analyzed 
variable and the condition considered "normal" in a normalized sample. Thus, the numerical values 
of the SI index represent anomalies of the variable of interest with respect to the mean [8]. In this 
work it is proposed that from the results obtained it is categorized according to the range indicated 
in Table 1 since this allows converting the numerical value into an index that categorizes the event, 
and this is easily understood. 
 

Table 1: Standardized Drought Index (SI) scale 

Value Category 

More than 2 extremely rainy 

Between 1.5 and 2 rainy 

Between 1 and 1.5 slightly rainy 

Between 0.5 and 1 Normal 

Between 0 and 0.5 Normal 

Between -0.5 and -1 slightly dry 

Between -1.5 and -2 dry 

Below than -2 extremely dry 
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Application of the methodology to the Papalotla river basin  

Study area is part of the well-known Federal Zone of Texcoco Lake and adjacent lands that are 
located east of the State of Mexico.  In Texcoco Lake nine rivers converge in natural conditions; 
five in its northern portion (San Juan Teotihuacán, Papalotla, Xalapango, Coxcacoaco, Texcoco) 
two in the central zone (Chapingo and San Bernardino) and two in the southern portion (Santa 
Monica and Coatepec). In addition, in the lower zone, through the General del Valle drain, the 
waters from the Ameca, La Compañía and San Francisco rivers converge. The former lake of 
Texcoco is fed by the rivers Churubusco, La Compañía, Los Remedios, San Juan Teotihuacán 
and Papalotla, and reaching the federal zone by two arms, the Santa Rosa and San Bartola, 
Xalapango, Coxcacoaco, Texcoco (which currently functions as drainage and sanitary drainage of 
the metropolitan area of Texcoco), San Bernardino, Chapingo, Coatepec and Santa Monica.  
Papalotla River basin (Figure 2) is formed by the union of two slopes which join each other in the 
lower part of the basin, one that collects the runoff from mountainous areas located in the center of 
the municipality of Tepetlaoxtoc, and another that comes from the mountainous area near the town 
of Santa Inés (upper part of the basin). The approximate extension of the northern branch is 17.2 
km. Papalotla River crosses the municipalities of Papalotla, San Andrés Chiautla, Tezoyuca and 
Atenco until it reaches the former Texcoco Lake.  It has an average annual contribution of 6.42 
million cubic meters. 
 

 

Fig. 2. Papalotla River Basin 

3. Results 

Based on the climatological data of the Clicom Database, the analysis of accumulated precipitation 
annual trends records for each of the climatological stations were carried out, which are observed 
below (Figure 3). 
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Fig. 3. Annual cumulative hp trend for 15263, 15210, 15135, 15124, 15101, 15083, 15044 and 15008 
climatologic Stations 

 
From figure 3 it can be seen that station 15008 shows a downward trend with 26 records above the 
average of 571.41 and 26 below average. The station has a record of 370 mm per year for 2005. 
Station 15044 presents a downward trend with an average annual cumulative of 562.98 mm 
registering 30 data above the average and 20 below the average. The minimum registration was 
presented in 2011 with 315 mm accumulated annually. Station 15083 presents a very slight 
downward trend with an average of 559.95 mm accumulated per year being 24 records above the 
average and 25 below the average with 253.1 mm accumulated in the year 2000.  
The station 15101 presents a slight downward trend with 602.83 mm accumulated per year having 
registered 19 data above the average and 25 below the average, all years accumulated records 
greater than 400 mm being the lowest in 2005 with 419 mm. The station 15124 presents a marked 
downward trend with an accumulated annual average of rainfall of 566.28mm with 19 records 
above the average and 16 below the average the lowest recorded value of accumulated rain was 
the year of 1999 with 306.5 mm. 
Station 15135 presents a downward trend with 21 records above the average that is 585.73 and 25 
below the average the lowest value recorded was 320 mm accumulated in 1996. The station 
15210 presents a tendency to the high with 26 records above the average that is 561.59mm and 6 
below the average the lowest value recorded was 270.6 mm in 2001 it is worth mentioning that this 
station is the one that occupies more than half of the area of influence of the entire basin, 
according to the Thiessen polygons shown in Figure 2. 
Station 15263 presents a trend to the high with 7 records above the average that is 588.84mm and 
10 below the average the lowest value recorded was 324 mm in 1983. Stations 15008, 15044, 
15083, 15101, 15124 and 15135 show a downward trend only station 15210 and 15263 have a 
trend to high. 
According to the calculation made using the methodology described above in Table 2, the 
calculation of the monthly precipitation anomalies for each of the 8 climatological stations is 
presented. 
 

              Table 2: Monthly precipitation anomalies. Climatological Papalotla River basin 

Months 15008 15044 15083 15101 15124 15135 15210 15263 

January -0.301 -0.319 -0.267 -0.022 -0.014 -0.014 -0.016 -0.012 

February -0.382 -0.143 -0.164 -0.009 -0.005 -0.013 -0.035 -0.014 

March -0.197 -0.123 -0.183 -0.017 -0.012 -0.011 -0.018 -0.015 

April 0.218 0.139 0.298 0.003 -0.006 -0.016 0.003 -0.011 

May 0.893 0.581 0.855 0.007 -0.006 0.009 0.013 -0.034 

June 2.457 1.886 2.512 0.071 0.036 0.019 0.047 -0.025 
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Months 15008 15044 15083 15101 15124 15135 15210 15263 

July 3.616 2.394 3.235 0.073 0.052 0.013 0.030 -0.037 

August 3.152 2.373 2.631 0.053 0.050 -0.002 0.053 -0.014 

September 1.706 1.404 1.302 0.051 0.026 -0.001 0.022 -0.047 

October 0.814 0.272 0.468 0.016 -0.001 -0.009 0.008 -0.035 

November -0.277 -0.263 -0.143 -0.009 -0.016 -0.020 -0.011 -0.019 

December -0.242 -0.280 -0.237 -0.010 -0.007 -0.013 -0.009 -0.015 
 
Likewise, Figure 4 graphically presents the monthly anomalies for the same weather stations. 
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Fig. 4. Monthly anomalies of stations 15263, 15210, 15135, 15124, 15101, 15083, 15044 and 
15008 

 
According to the previous categorization it has that for the eight climatological stations of the 
Papalotla river basin, the slightly dry category is reached in the dry months November to March for 
seasons 15008 15044, 15083 and 15210 for season 15124 from October to May, for season 
15135 from August to April and season 15263 is slightly dry 12 months of the year according to the 
categorization before described however according to the trend is to present an upward behavior in 
terms of the amount of precipitation rain is taken as significant data that in 1983 there was an 
accumulated annual rainfall well below the historical average of the basins that drain towards the 
Texcoco Lake with 324 mm being the month of September the one that presents the greatest 
anomaly. But you also have those seasons 15008, 15044 and 15083 reach the extremely rainy 
category in the months of June to August.  Likewise, the historical review of the satellite images 
from study area for the years 1992 and 2022 was carried out, which can be seen in Figure 5 (year 
1992) and Figure 6 (year 2022). 
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Fig. 5.  Satellite image of the Papalotla basin in 1992 
 

 

Fig. 6. Satellite image of the Papalotla basin of the year 2022 
 
Figures analysis shows urban areas growth of both downstream basin near to area of the former 
Texcoco lake and in the middle basin part, and an imminent change of land use from Rainforest to 
agricultural areas near to upstream part of the basin and mountainous area with great reliefs and 
rugged terrain.  The Papalotla river basin has experienced a process of change in land use, where 
forest areas have been transformed into agricultural areas and those of agricultural use have been 
urbanized. These processes of change have affected the functioning of the environments present 
in this basin, generating a negative impact on hydrological processes, as soil loss increases, as 
well as the decrease in downstream runoff as shown in Figure 7. 
From results obtained there is no clear trend towards droughts in the study basin, which is why it is 
stated that, due to human activities, such as deforestation and overexploitation of aquifers, among 
others, the basin is being led towards desertification, induced by anthropogenic action.  As can be 
seen in Figure 7, it can be said that there is a clear downward trend in the runoff at the exit of the 
Papalotla basin, currently, domestic demand for food and raw materials continues to increase, 
which generates an increasing pressure on natural resources. Such is the case of fertile soils, 
which experience a high degree of deterioration, as well as vulnerability to drought and 
desertification processes. Some international studies mention that due to erosion it is necessary to 
increase production costs annually by 27% to maintain the same productive level of farmland. 
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Fig. 7.  Monthly accumulated runoff data for hydrometric station 26193 (Bandas-Conagua 2016) 
 
Soil degradation occurs by different processes, the most important being wind and water erosion. 
When erosion is severe, it hinders the development of vegetation; significantly affects water 
availability and quality; contributes to the silting of artificial and natural water bodies; causes a 
decrease in aquifer recharge; human security is sometimes compromised due to landslides, floods 
and damage to infrastructure works, and eroded soils become a natural source of air pollution due 
to the emission of particles which can affect human health [9]. Among the Sustainable 
Development Goals (SDGs)  approved by the UN is SDG 15 (Life on Land), which aims to protect, 
restore and promote the sustainable use of terrestrial ecosystems, sustainably manage forests, 
halt and reverse land degradation, combat desertification and halt biodiversity loss (United Nation, 
2020). 
The solution in case of Papalotla river basin to curb desertification is sustainable management of 
natural resources, especially the conservation of fertile soils and water resources. In this sense, 
some of the keys found in the literature that can help avoid desertification are: 

✓ Promote coordinated planning of land uses that includes the management of water 
resources and livestock and agricultural activities. 

✓ Preserve vegetation cover, which plays a key role in protecting soil from wind and water 
erosion, building barriers and stabilizing dunes. 

✓ Promote climate change education to raise awareness, showing in particular the 
consequences of desertification and ways to prevent it. 

✓ Bet on organic farming and certain sustainable practices, such as cover or rotation crops, 
which prevent soil erosion and prevent drought. 

✓ Bet on reforestation to regenerate vegetation cover, reactivate moisture circulation and 
generate biodiversity. 

✓ Encourage rotational grazing, which limits pressure to a specific area while others 
regenerate, through their coexistence with crops that allow a more effective nutrient cycling. 

4. Conclusions 

The statement highlights the increasing visibility and rapid occurrence of adverse effects of climate 
change, which are having significant impacts on various systems, including social and economic 
aspects. The Intergovernmental Panel on Climate Change has indicated that there has been a 
global warming trend since the 1950s. The continuous emission of greenhouse gases (GHGs) 
contributes to climate change and raises the likelihood of severe, adverse, and irreversible impacts 
on both people and ecosystems. Environmental degradation is a global issue influenced by 
multiple factors, including population growth, resource deterioration, and societal perspectives on 
nature and the environment. In the specific context of the Papalotla River basin, human activities, 
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particularly land use changes, have seriously disrupted the environmental balance. These activities 
have led to soil degradation, biodiversity loss, environmental pollution, and a reduction in runoff 
due to upstream water resource usage. It is crucial to reflect on the territorial planning models 
implemented in the study area, considering the balance between water demand, unplanned 
population growth, and the cost associated with ensuring water availability. To avoid an 
environmental crisis that could disrupt the balance between humans and the environment, it is 
necessary to evaluate and address these phenomena. With improved understanding of the causes 
and mechanisms of desertification, as well as the means to prevent and remedy it, it becomes 
even more important to take proactive measures before the degradation of essential resources 
such as soil, water, and vegetation reaches irreversible thresholds. In summary, the statement 
emphasizes the urgency of promoting evaluation, awareness, and action to prevent an 
environmental crisis and maintain the equilibrium between humans and the environment. 
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