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Abstract

:

The underwater robot is part of a project with “terrestrial–maritime” collaborative robots, whose mission is recognition and rescue. From a structural point of view, some small changes were made in this study to the original robot. These changes consisted of making supports to hold the two plexiglass tubes, since the tube containing the battery system is larger. A larger tube was chosen because the aim was to increase the travel autonomy of the mini remotely operated vehicle (ROV). The mini submarine will move in an unstructured environment and will be able to reach a depth of 100 m. The purpose of the article is to present a point of view regarding the effect of the behavior of the mini ROV on tensions produced by the forced assembly of the sealing cover of the cylinder containing its command-and-control system. Both the gripping elements and the sealing lids are made using 3D printing technology, and the material used is polylactic acid (PLA). For the numerical analysis, the finite element method is used in both static and dynamic conditions. The results of this work refer to the field of tensions and displacements. The main conclusions emphasize the fact that the gripping performed for sealing is influenced by the usage of oiled mechanisms.
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1. Introduction


The remotely operated vehicle (ROV) for which the current study has been performed is a part of the autonomous underwater maritime (AUM) family, which is defined as generic underwater maritime vehicles that are capable of autonomous functioning, without a remote control system [1,2,3,4]. They are considered very useful for activities such as mapping, topography, surveillance, and underwater management [5,6,7,8,9].



Robots in this size category are used especially for inspection, control, and low-maintenance activities with underwater objectives, such as trolley installations or inspection of oil pipelines, communication cables, electrical cables, etc. [10,11,12,13,14].



The overall dimensions and equipment (payload) that can be attached to these ROVs are advantages over larger autonomous underwater vehicles (AUVs), as they make the vehicles much easier to control and can transmit a large amount of data over a short time [15,16,17].



Another advantage of ROVs is increased maneuverability: the vehicles have a high speed of travel, can stabilize against certain conditions of sea currents, and can sneak into fairly tight spots [18,19,20].



The types of missions presented so far are not the only ones that mini submarines can perform. For example, they can even be used to bury communication cables, electrical cables, or water pipes on the seabed [21,22,23].



Perhaps some of the most spectacular missions that can be performed by mini submarines are those in support of the naval military forces [24]. At sea, the theaters of operations and the naval bases are subject to a multitude of challenges due to humans and the environment. That is why there is growing interest in making these underwater ROVs into AUVs [25,26,27,28].



The next scenario regarding the development of AUVs was the realization of cooperative collaboration systems between submarine robots [29,30,31,32,33].



All this can be made possible if the robot, from a mechanical and hydrodynamic point of view, responds to the challenges it faces in meeting the demands upon it [34,35,36].



The present study presents the outcomes of gripping a lid for sealing in two situations: without oil and with oil for the mechanisms. The cylinder body was made of plexiglass, and for the sealing caps, polylactic acid (PLA) printed using 3D printing technology was used. SolidWorks software was used to design the mini submarine. Tensometric marks were used to analyze the behavior of the cylinder when reacting to demands due to the introduction of the sealing caps. The QUANTUMX MX1615 module was used to take and analyze data from tensometric marks, and the MX840B module was used for force and displacement sensors.



The ROV developed in the Center of Excellence in Robotics and Autonomous Systems (CERAS) allows the performance of specific activities up to the maximum depth of 100 m (Figure 1) [37]. It can transport command-and-control equipment, video cameras and sensors, sonar, an actuator system, and performing elements (e.g., articulated arms for gripping) [7,8,9].



Its originality is given by several elements, such as:




	
It being a collaborative robot that communicates independently with a senile ground robot to perform complex intervention and rescue missions [38,39];



	
It having an increased energy resource with lithium-ion (Li-Ion) batteries (14.8 V, 18 Ah), which gives it increased autonomy [40];



	
The mechanical elements being printed on a PRUSA 3D printer, using PLA as the material, which is a thermoplastic polyester of the chemical formula (C3H4O2)n. This is one of the most common materials; though it has many physical and processing deficiencies, it allows us to change the design of the mini submarine according to the different missions [41,42,43].








The purpose of the study presented in this article is to determine experimentally and theoretically the state of tension in the cylinder body after mounting the sealing caps and to determine the possibility of this mounting without cracking the cylinder body.



Another novelty is the fact that the leakage tests were performed before moving on to the assembly of the cylinder with sealing caps on the mini submarine. Through this operation, it was possible to perform a check of the tightness of the cylinder to protect the command-and-control system.



This paper presents the results of efforts to build an AUV as part of a complex of two collaborative robots, the second being an unmanned ground vehicle (UGV). This system of two collaborative robots will be able to perform complex tasks of physical intervention to limit the negative effects due to a system of oil-supply pipelines and recovery of people from both land and sea. Regarding the relevant aspects of this paper, we highlight the fact that the structural elements are 3D printed, and we study the tightness of the bodies in which the electronic components and the power supply system are located.



Accordingly, in this study, by simulations with finite element method (FEM) and by force-machine tests, it is shown that the plexiglass tubes are sealed so that the AUV can be submerged to a maximum depth of 100 m.



This paper is structured as follows: in Section 2, we describe the materials and methods; the following Section 2 presents the numerical method for simulating the forced mounting of the cover in the cylinder; Section 4 presents the experimental results for mounting the cover in the cylinder, and finally, the conclusions are presented.




2. Materials and Methods


The study focused on the tensions produced by the forced mounting of the sealing lid in the cylinder that contains the electronics of the mini submarine, along with the force necessary for the Figure 2 mounting [44].



In practice, there are currently problems in which a curved cylindrical plate is subject to the actions of symmetrically distributed forces for the axis of the cylinder: the tension distribution in the boilers subject to the action of steam pressure, the tensions in the vertical cylindrical tanks subject to the pressure exerted by the liquid inside, and the tensions from the circular pipes subject to the uniform internal pressure are examples of such problems.



To establish the equations necessary to determine the solutions to these problems, we take into consideration a plate element, schematically represented through the median surface as shown in Figure 3. The sides of the plate elements   A D = B C = d x   and the curved sides AB and CD are circle arcs with a radius equal to the radius of the cylinder, their length being   R d φ  . The Ox axis is oriented along the cylinder’s generator; the   O φ   axis is a tangent to the cylindrical surface in a normal plane to the axis of the cylinder; the Oz axis follows the normal to the surface of the cylinder, oriented with a positive direction towards the axis of the cylinder.



The load of the cylindrical curve plate is axially symmetric, being distributed normally on the surface of the plate (written as    q z   ).



Due to the axially symmetric load of the cylindrical plate, the asymmetric sectional efforts that depend on the  φ  variable are null. The following occurs in this situation: the shear forces from the median surface    N  x φ   =  N  φ x   = 0   (membrane theory), the shear forces normal to the median surface    T φ  = 0  , and torsion torques    M  x φ   =  M  φ x   = 0  . Additionally, due to the symmetry,    N φ    and    M φ    depend only on the x variable, being constant in relation to  φ .



By noting the equilibrium equations for the cylindrical plate element [11], we have:


   {      d  N x    d x   = 0       d  T x    d x   +  1 a   N φ  = −  q z        d  M x    d x   =  T x      ,  



(1)







From the first relation, the axial force    N x    is constant and can be further considered null. The two remaining equations contain three unknown variables:    T x   ,    T φ   , and    M x   . To solve this problem, we analyze the displacements of the points from the median surface of the plate. Due to the axial symmetry, the points can move along the axis of the cylinder (the Oz axis). If we use the established notations—u, the displacement along the Ox axis, v, the displacement along the   O φ   axis, and w, along the Oz axis—then v is null at any point of the plate, while u and w depend only on the x variable, from which the normal tensions can be written as:


   {     ε x  =   du   dx        ε φ  = −  w R      ,  



(2)




and the normal tensions become:


   {     σ x  =  E   1 −   μ 2     (   ε x  + μ  ε φ   )       σ φ  =  E   1 −   μ 2     (   ε φ  + μ  ε x   )      ,  



(3)




from which the integrated tensions from the faces of the elements between the inner and outer surfaces become (where h is the width of the plate):


   {     N x  =    ∫  −  h 2     h 2      σ x  dz    =   Eh    1 −   μ 2     (    du   dx   − μ  w R   )   = 0       N φ  =    ∫  −  h 2     h 2      σ φ  dz    =   Eh    1 −   μ 2     (  −  w R  + μ   du   dx    )  = 0     .  



(4)







From the expression of    N x    we have     d u   d x   = μ  w R   , which leads to the expression of the    N φ    force as a function of the w displacement:


   N φ   = −    Eh  R  ⋅ w .  



(5)







Deriving, in relation to x, the last relation in the system (1), and replacing it in this relation (2), the following differential equation allows the computation of the w displacement:


     d 2    d  x 2     (  D    d 2  w   d  x 2     )  +   E h    R 2    w =  q z  .  



(6)







If the rigidity is constant due to the constant width of the plate as a function of x, the differential Equation (6) is of the fourth order, with constant coefficients and a non-homogenous nature. If we write    β 4  =   E h   4  R 2  D   =   3  (  1 −  μ 2   )     R 2   h 2     , then the general solution will be given by:


    w  ( x )  =  e  β x    [   C 1  cos  (  β x  )  +  C 2  sin  (  β x  )   ]  +             +  e  − β x    [   C 3  cos  (  β x  )  +  C 4  sin  (  β x  )   ]  +  w p   ( x )     



(7)




where    w p    is a particular solution.



For the situation in which the curved cylindrical plate is loaded by a shear force and a bending torque in a section from the base of the cylinder (Figure 4), the force distributed on the lateral surface,    q z   , is null.



In this situation, the differential Equation (7) becomes homogenous, and the generalized solution has the following form:


    w  ( x )  =  e  β x    [   C 1  cos  (  β x  )  +  C 2  sin  (  β x  )   ]  +           +  e  − β x    [   C 3  cos  (  β x  )  +  C 4  sin  (  β x  )   ]     



(8)







The reduction tensor of the load is null relative to any point. If the length of the cylinder is high (tends to infinity), the displacement of the points on the median surface in the radial direction decreases while x increases. This aspect is due to Saint-Venant’s principle. At a distance high enough from the section subjected to the load, it can be considered that the w displacement is null, and as a consequence, the positive exponential does not have to appear in the expression of the displacement (the    C 1  =  C 2  = 0   constants). In this situation, the solution has the following form:


  w  ( x )  =  e  − β x    [   C 3  cos  (  β x  )  +  C 4  sin  (  β x  )   ]  .  



(9)







In the studied case, two distributed forces act constantly on circular sections placed at different distances relative to the lid of the cylinder. The two forces come from the action of the rubber gaskets upon the cylinder. These forces represent the mechanical equivalent of the distribution of contact forces on the contact area, which due to being narrow, is equivalent to a circle placed on the inner surface of the cylinder. To avoid complicating the issue, the case of a single force that acts at a distance L from the end of the cylinder will be studied, after which the effects of two forces placed at different distances will be overlapped. The coordinate system is chosen with the origin as the point where the force acts (Figure 5).



The displacements of the points from the median surface, written as    w 1    for the AB interval and    w 2    for BC, will be taken into consideration. The L length of the AB interval is small compared to the length of the cylinder, and as a consequence, the positive exponential will no longer be neglected, the form of the displacement being the one in (8). For the BC interval, the displacement remains of the form (9):


   {     w 1   ( x )  =  e  β x    [   C 1  cos  (  β x  )  +  C 2  sin  (  β x  )   ]  +         +  e  − β x    [   C 3  cos  (  β x  )  +  C 4  sin  (  β x  )   ]       w 2   ( x )  =  e  − β x    [   C 5  cos  (  β x  )  +  C 6  sin  (  β x  )   ]      .  



(10)







In this case, we have six unknown variables    (   C 1  …  C 6   )   , which can be determined using system (11):


   {           w 1   |    x = 0   =      w 2   |    x = 0               d  w 1    d x    |    x = 0   =       d  w 2    d x    |    x = 0             M  x 1   |    x = 0   =     M  x 2   |    x = 0             T  x 1   |    x = 0   +  T 0  =     T  x 2   |    x = 0             M  x 1   |    x = − L   = 0           T  x 1   |    x = − L   = 0       .  



(11)







Solving the system of Equation (11) allows the determination of the coefficients    (   C 1  …  C 6   )   :


   {       C 1  = −    T 0    8 D  β 3           C 2  =    T 0   [  1 − cos  (  2 L β  )  +  e  2 L β    ]    8 D  β 3   [  1 + sin  (  2 L β  )   ]           C 3  = −    T 0   [  cos  (  2 L β  )  + 2  e  2 L β   cos  (  L β  )   ]    8 D  β 3   [  1 + sin  (  2 L β  )   ]           C 4  =    T 0    8 D  β 3           C 5  =    T 0   [  sin  (  2 L β  )  + cos  (  2 L β  )  + 2 +  e  − 2 L β    ]    8 D  β 3   [  1 + sin  (  2 L β  )   ]           C 6  = −    T 0   [  sin  (  2 L β  )  + cos  (  2 L β  )  −  e  − 2 L β    ]    8 D  β 3   [  1 + sin  (  2 L β  )   ]          .  



(12)







At one point from the external surface of the cylinder of    (   x 0  , −  h 2   )    coordinates, the tensions become:


   |     σ x   (   x 0  , −  h 2   )  =  {      E h   2  (  1 −  μ 2   )       d 2   w 1   (   x 0   )    d  x 2      i f    x 0  < 0       E h   2  (  1 −  μ 2   )       d 2   w 2   (   x 0   )    d  x 2      i f    x 0  ≥ 0          σ φ   (   x 0  , −  h 2   )  =  {      μ E h   2  (  1 −  μ 2   )       d 2   w 1   (   x 0   )    d  x 2    −  E R   w 1   (   x 0   )    i f    x 0  < 0       μ E h   2  (  1 −  μ 2   )       d 2   w 2   (   x 0   )    d  x 2    −  E R   w 2   (   x 0   )    i f    x 0  ≥ 0         .  



(13)







Based on the above, we can appreciate that the stresses of the cylindrical curvature plate can be calculated only if we know the force that is acting. This force comes from the compression of the gasket in the channel from the cover to the mounting in the cylinder. An analytical or numerical model of the compressed gasket is required to determine it.




3. Numerical Model


To model the forced mounting of the lid in the cylinder with MEF, a planar axial symmetrical model with parallelepipedal finite elements was used. At the initial time, the cylinder was in the proximity of the first gasket. The superior part of the lid was restricted in displacement by the Oy axis and the inferior part of the cylinder by a movement on the Oy axis that increased linearly from 0 to 15 mm in a time interval of one second, as was imposed.



The mechanical characteristics of the material considered in the analysis with finite elements (from the materials library in SolidWorks) are:




	
PLA: linear elastic model material, modulus 3500 MPa, Poisson’s ratio 0.36;



	
PLEXI: linear elastic model material, modulus 3000 MPa, Poisson’s ratio 0.37;



	
Neoprene rubber: hyper-elastic Mooney Rivlin model material with uniaxial test data.








Friction contacts between the gaskets and the lid with a friction coefficient of 0.4 were defined (due to the quality of the surfaces of the channels inside the lid, which was made via 3D printing), along with those between the gaskets and the cylinder, with a friction coefficient of 0.1.



In Figure 6a,b, the equivalent tensions are presented in two positions of the cylinder: when it covers the first gasket and when sealing is performed. The gasket has a circular section with a diameter of 3.5 mm; the G plexiglass cylinder has an outer diameter of 110 mm and the inner one of 100 mm. It can be noted that the maximum tension from the cylinder is 1.77 MPa, a value that does not exceed the breaking tension indicated by the manufacturer of 72 MPa.



The principle of the experimental method is as follows:




	
Stick the tensometric marks on the cylinder: place a mark on the direction of the generator at a distance of 40 mm and a mark on the circumferential direction at a distance of 10 mm from the edge where the cover will be inserted.



	
Place the force sensor on the movable cross-member of the press and place the cylinder over the sensor.



	
Insert the gasket cover into the cylinder until the first gasket comes into contact with the cylinder, this being the initial position.



	
Tighten the mounting rings of the displacement sensor on the cylinder and the gasket cover.



	
Mount the displacement sensor between the rings.



	
Start the press, compressing the cylinder-lid assembly until the lid is completely inserted into the cylinder (both gaskets in the lid channels are inside the cylinder, and the shoulder of the lid has come into contact with the cylinder).









4. Experimental Results


For the experimental determination of the assembly force, for the axial force, the HBM U10M 125K force sensor (Hottinger Brüel & Kjaer GmbH, Germany) was used, over which the cylinder was placed, with the whole assembly works in compression. In the upper side of the cylinder, a lid with the gaskets assembled in the channels was positioned, and it was pushed into the cylinder by the hydraulic press.



Plastic clamps were attached to the lid with gaskets and to the cylinder body, between which the HBM WA 100mm displacement sensor was mounted (Figure 7).



In the upper side of the cylinder, in the area where the lid entered, two tensometric marks of 120 Ω were glued on the outside of the cylinder, one in the axial direction with the center of the active part at 40 mm from the upper side of the cylinder, and one in the circumferential direction with the mark measurement axis at 10 mm (Figure 8). The marks were connected to the QUANTUMX MX1615 module, and the force and displacement sensors to the MX840B module. Data acquisition was performed at a frequency of 50 Hz.



Two types of tests were performed: one in which the gaskets and the inner surface of the cylinder were dry; another in which the gaskets were lubricated with oil for the fine mechanisms.



In the following graphs, the signal from the axially positioned tensometric mark is multiplied by the modulus of elasticity of the cylinder and by the cross-sectional area, thus obtaining, assuming the uniform distribution of normal tension on the cross-section of the cylinder, an axial force.



In the case of dry friction, there was a slip-stick movement of the lid, which is shown in the graphs in Figure 9 and Figure 10, after the displacement of the lid exceeded 5 mm, through sudden variations in displacement and, consequently, force and specific deformations. In this case, there was hanging of the first gasket, which was partially removed from the channel and crushed between the body of the lid and the cylinder, an aspect noted in the numerical simulations.



In this situation, the radial expansion of the cylinder was high, and there was a danger of cracking the cylinder.



In the case of mounting with lubricated gaskets, there was a continuous movement of the lid in the cylinder; the first gasket that came into contact with the cylinder was no longer driven between the cover and the cylinder.



Since the gasket was no longer caught between the lid and the cylinder, the radial expansion of the cylinder in the area of contact with the gasket was much reduced due to the compression of the gaskets in the channels in the lid.



Consequently, there was a decrease in mounting force and specific deformations in the axial and radial direction (Figure 11).



In this situation, the danger of cracking the cylinder is much reduced, with the circumferential and radial stresses reduced compared to a situation in which no oil is used.



Figure 12 shows the variations depending on the displacement of the specific deformations obtained numerically and experimentally.



To make this comparison of the numerical determinations with the experimental ones, the time variations of the specific deformations recorded by the tensometric marks were scaled (the numerical calculation time differs from the completion time of the experimental test).




5. Conclusions


In the case of the assembly of the lid with unlubricated gaskets, the first gasket that comes into contact with the cylinder is partially moved between the lid and the cylinder, inflating the cylinder towards the end. Thus, the second gasket that enters the cylinder creates a reduced contact area with the cylinder, meaning its efficiency in sealing is reduced and even compromised. For the first gasket, some crushed/broken areas can be noted, containing narrow material strips—with sections of 0.2–0.3 mm and lengths of approximately 10 mm—that were initially fixed between the two bodies. The maximum force corresponding to a lid displacement of 4.15 mm is 2026 N.



For oil mounting, it is observed that the axial mounting force decreases. In the graph in Figure 11, we can distinguish how it reaches two end points, which are corresponding to the maximum settlement of the two gaskets between the walls of the channels in the cover and the cylinder body. For the first gasket coming into contact, a force of 230.7 N is reached at a lid displacement of 2.04 mm, and for the second gasket, a force of 276.5 N corresponds to a displacement of 10.06 mm.



After each test, the press is discharged and the pressing force becomes zero, but the former assembly remains tensioned due to the pressing of the gaskets between the cover body and the cylinder. The axial stress becomes zero, so the cylinder remains tensioned in the contact area with the gaskets. The specific deformations on the circumference, on the outside of the cylinder, when measured after the assembly are   2067  [    μ m  m   ]    for the oil-free mounting and   306.8  [    μ m  m   ]    for the oil mounting.



The study was necessary to achieve a configuration that meets both economic and resistance criteria. From a technological point of view, the chosen solution is simple to achieve.



Considering the obtained results, we propose, for the future, a numerical and experimental study of the stability of the structure at uniform triaxial compression. We also intend to try other thermoplastic materials to test their efficacy for making sealing components.
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Figure 1. ROV used for recognition and rescue missions. 
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Figure 2. The schematics of the underwater ROV command-and-control cylinder sealing system. 
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Figure 3. The scheme of an infinitesimal element of cylindrical plate:  φ —the opening angle of the infinitesimal element; R—radius of the infinitesimal element;    N x   —axial force;    T x   —normal force;    M x  ,  M φ   —torsion torques;    N φ   —shear forces from the median surface;    T φ   —shear forces normal to the median surface. 
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Figure 4. Boundary conditions. 
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Figure 5. Particular case: the shear force    T 0    acts at the L distance to the end of the cylinder. 
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Figure 6. Particular case: the shear force    T 0    acts at a distance L from the end of the cylinder. (a) is the beginning of pushing the sealing cover, and (b) is the end of closing the sealing cover. You can also see how the stresses inside the rubber gaskets change. 
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Figure 7. Cylinder positioned over the force sensor. 
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Figure 8. Cylinder detail in the area of tensometric marks. 
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Figure 9. Axial force measured by the force sensor as a function of the displacement of the cover for the oil-free assembly case. 
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Figure 10. Specific deformations on the axial direction and the circumference in the case of oil-free assembly. 
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Figure 11. Axial force measured by the force sensor as a function of the displacement of the lid for the lubricated mounting. 
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Figure 12. Specific deformations on the axial direction and the circumference depending on the displacement of the cover for the case of oil mounting, compared to the numerical simulations. 
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