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                     Abstract 
 The use of underwater mechanical arms is extensively considered to be the most suitable tool for performing mechanical 

operations underwater. These mechanical arms can transport samples and patterns in water environments. A simulation of 

the fl uid fl ow provoked vibrations in the arm of the robot is presented in this paper. Under the infl uence of the force generated 

through the surrounding fl uid fl ow and considering the fl exibility of the robotic arm, the governing forced vibration equa-

tions are derivative of the Rayleigh beam hypothesis. With the displacement couple pattern, the force from the surrounding 

fl uid is tested for the arm. For analyzing the equations of movement, MATLAB software has been utilized to examine the 

infl uence of variables like the mechanical and geometric features and the liquid fl ow rate on the forced vibration the respond-

ing robot arm. Numerical simulations indicate that fl uid inertial forces increase with increasing fl uid velocity. Therefore, at 

higher levels of the fl uid, the result of extra mass-produced by the fl uid causes the range of oscillations to increase suddenly, 

which decreases the performance and accuracy of the arm. By identifying the lock-in area, the system parameters should be 

selected in such a way as to prevent the arm from entering the lock-in area. 

   Keywords     Vibrations    ·  Dynamic fl uid    ·  Robot arm    ·  Natural frequency    ·  Vibration amplitude  

  List of symbols 
    A        Cross-section area 

     C   D         Damping coeffi  cient 

     C   L         Lift coeffi  cient 

     D        Equivalent diameter 

    E       Elastic modulus 

     E   K         Kinetic energy of the fl uid 

     f(x, t)        External force 

     I        Moment of inertia 

     L        Length 

     M        Bending moment 

     m        Mass 

     q        Fluid force 

     r        Radius of gyration 

     T        Kinetic energy 

     t        Time 

     u        Axial displacement 

     U        Fluid velocity 

     V        Potential energy 

     V   z         Vertical velocity 

     w        Transversal displacement 

     W   ext         External work 

     x        Coordinate 

    ΔP       Pressure 

    ε       Strain 

    ρ       Density of the fl uid 

    μ       Dimensionless added mass 

    ωs       Vortex shedding frequency 

    δ       Damping of the fl uid     

      Introduction 

 The use of robots in the industrial sector is widespread 

today, particularly for simple industrial tasks with high 

repeatability. For the robot to be utilized eff ectively, it 

is necessary to develop its capabilities and use them in 

more complex cases requiring more precise, faster move-

ments and greater interaction with the environment. For 

the purpose of accomplishing this, robots with more com-

plex dynamics require the design of their controllers to be 

given particular attention (Yasa et al.  2022 ). As a result, 
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underwater mechanical arms have been extensively devel-

oped in recent years. There are many applications for these 

types of arms in the off shore oil and gas industry, marine 

renewable energy, and marine facilities industries, as well 

as marine science and military applications. Accordingly, 

it is crucial to study the dynamic demeanor of underwater 

mechanical arms (Youssef et al.  2022 ). 

 Currently, underwater robots are utilized in various 

military, commercial, and scientifi c applications, includ-

ing deep-sea exploration, the repair of underwater trans-

mission pipelines, shipwreck inspections, research, the 

sampling of living organisms in the ocean, and underwa-

ter archeology (Verma et al.  2022 ; Dai et al.  2022 ; Sahu 

et al.  2022 ). It is essential to pay attention to unwanted 

vibrations utilized by the fl uid when using these robot 

applications (Eslami et al.  2016 ; Fallah and Arab Maleki 

 2021 ; Nasrabadi et  al.  2022 ). Throughout history, the 

main policy in designing robots has been to ensure they 

are rigid. However, experience has shown that rigidity is 

not everything and comes at a high cost in construction. 

Without considering the fl exibility of the robot arm in the 

design, if not instability, it will, at the very least, result in 

a loss of control system performance. 

 Consequently, pliable patterns have been developed to 

investigate the dynamics of the robotic arm. During the 

research, the Euler–Bernoulli, Timoshenko, and Rayleigh 

beam hypotheses were utilized to pattern the robot arm. 

Dadfarnia et al. (Dadfarnia et al.  2004 ) investigated the 

vibrations of a single-link mobile base robot using piezoce-

ramics and applied voltage control. Qiu et al. (Qiu et al. 

 2019 ) researched the vibration manner of a pliable two-link 

robot with piezoelectric patches. According to Korayem and 

Dehkordi (Korayem and Dehkordi  2019 ), pliable corpora-

tive manipulators dynamically and kinematically coupled 

to an object and mounted on a nonholonomic mobile plat-

form are investigated dynamically. Their study neglected the 

eff ects of turning inertia and cut power on the beam’s cross-

section to compute the elastic arms disfi gurement using 

the Euler–Bernoulli beam hypothesis. Chetia et al. (Chetia 

et al.  2022 ) conducted an experimental and numerical inves-

tigation of the free vibrancy attributes of a pliable kinked 

cantilever beam. Founded on the Euler–Bernoulli beam 

hypothesis, the governing equation is solved numerically. 

Various tip masses, kink angles, and kink position lengths 

are utilized to analyze the natural frequencies of diff erent 

mode shapes. Jin et al. (Jin et al.  2019 ) obtained the detached 

high-order dynamic equations of the pliable arm using the 

beaming hypothesis and the supposed mode manner along 

with Lagrange's equations. Singla and Singh (Singla and 

Singh  2019 ) investigated the dynamic patterning of pliable 

robotic manipulators. They use the Euler–Bernoulli beam 

hypothesis to pattern the elastic demeanor of pliable manip-

ulators, and Lagrange equations of movement are acquired. 

 Based on our review of studies, only a limited amount 

of research has been conducted on the vibration behavior 

of fl exible robot arms. However, the eff ect of fl uid presence 

on the dynamic behavior of underwater robot arms has not 

yet been explored. This study examines for the fi rst time the 

vibrancy behavior of a fl exible arm under the infl uence of 

static fl uid using the Rayleigh beam hypothesis. To extract 

the equations of movement, Hamilton’s principle is applied, 

which are then discretized using the Galerkin method. This 

study concludes by numerically solving the governing equa-

tions in order to examine how diff erent parameters aff ect the 

vibration behavior of these structures. 

    Mathematical formulation 

   The equation of movement 

 A pliable robotic arm placed in a fl uid environment is con-

sidered a uniform Rayleigh beam. The geometry of this arm, 

which has length  L , cross-sectional area  A , mass per unit 

length  m , the second instant of inertia  I  and elastic modulus 

 E  and is exposed to stationary fl uid with a density of ρ, is 

shown in Fig.  1 . It is assumed that the arm is made of homo-

geneous and isotropic material.         

 For the Rayleigh beam pattern, kinetic energy and poten-

tial are obtained as follows:

      

      

where  u  and  w  represent the pivotal and transversal displace-

ment of the robot arm sequentially.  M  represents the stoop-

ing instant, and  r  is the radius of gyration. 
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  Fig. 1       Geometry of the pliable robotic arm immersed in the fl uid 

medium  
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 In Eq. ( 2 ), Von-Karman strain–displacement assump-

tions are utilized to consider the impact of large disfi gure-

ments of the arm. This relationship is like so:

       

 Also, the work done via exterior powers can be com-

puted as follows:

      

where   f (x, t)     the exterior power is used to the robot arm, and 

in this research, this force is applied by the fl uid fl ow. 

 Using Hamilton’s principle, the following equation is 

obtained for the Rayleigh beam pattern:

       

    Solid–liquid interaction 

 The abstraction of added mass is extensively utilized in sit-

uations where the solid construction is under liquid load-

ing. When the robot arm vibrates in the fl uid environment, 

the infl uence of fl uid inertia on the arm dynamics can be 

patterned as the added mass to the arm (Hoseinzadeh et al. 

 2023 ). For an incompressible, non-viscous, non-rotating, 

and static fl uid, the speed of variation of kinetic energy 

relative to the period of each part of the fl uid is equivalent 

to the work done by the pressure on its superfi cial and can 

be computed from the following equation (Yadykin et al. 

 2003 ):

      

where  E   K   is the kinetic energy of the fl uid and  V   z   is the verti-

cal velocity of the fl uid particles.  S  represents the exposure 

level of the solid–fl uid.   ΔP     shows the pressure applied from 

outside on the boundary d S  particles and doing work. Sup-

posing the beam as a solid–fl uid relationship and regarding 

little vibrancies, the integral of Eq. ( 6 ) is written as Eq. ( 7 ):

      

in which   w,t     denotes the vertical velocity of the arm. The 

velocity of variation of kinetic energy with respect to the 

period of a vibrating beam that has a mass equal to addi-

tional mass  M  per unit area is written as follows (Yadykin 

et al.  2003 ):

 (3)𝜀(x, t) = 𝜕u

𝜕x
+ 1

2

(
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)2

 (4)Wext. = ∫
L
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EI
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 (6)
dEK

dt
= −∬ VzΔPdS

 (7)∬ VzΔPdS = ∫
b

0
∫

L

0

𝜕w

𝜕t
ΔPdxdy

       

 Therefore, according to Eqs. ( 6 ) to ( 8 ), the added mass 

can be determined as follows:

       

 Using a three-dimensional aerodynamic hypothesis for 

static fl uid   ΔP     is determined as follows (Lucey and Car-

penter  1993 ):

      

where   𝜉     and   𝜂     are dimensionless local variables that are 

related to  x  and  y  coordinates according to the following 

relations:

       

 Equation ( 11 ),   𝜌F     is the density of the fl uid around the 

beam.   A     is the ratio of beam dimensions and is equivalent 

to  b / L . 
 At this stage, the computed added mass must be accom-

panied by the mass of the beam after calculating the added 

mass. Therefore, Eq. ( 5 ) is written in the following form:

      

in which   𝜇 = M𝜋∕𝜌FL     is the dimensionless added mass. 

 In this research, to apply the impact of fl uid fl ow relative 

velocity, the pattern established in Ref. (Facchinetti et al. 

 2011 ) is utilized. According to this pattern, the nonlinear 

vdP equation is utilized to predict the fl uid force, whose 

relationship is as follows:

      

where  P  = 12 is obtained after fi tting the experimental data. 

  𝛿     is damping of the fl uid, its amount is equal to 0.3 (Fac-

chinetti et al.  2011 ).   𝜔s     is the vortex shedding frequency. 

The contact between the structure and the fl uid is applied 

using the acceleration component. The infl uence of fl uid 

fl ow-induced forces introduced using the   q(x, t)     is taken into 

account. 

 In Eq. ( 12 ), the result of the exterior powers are the actions 

of the fluid on the beam, which, as stated in the studies 
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As can be seen in Fig.  3 c, the system’s response   u = 0.075     is 

depicted. It is evident that in this example, the steady oscilla-

tions amplitude is equal to   210 × 10−3     , which is greater than 

that of free vibrations. The lock-in area is determined as the 

range of velocity inside this variety.                         

 In contrast to the previous state, the steady state range 

reaches zero as the fl uid velocity increases after the lock-

ing region. A fl uid resistance in this range prevails over 

the inertial and restoring forces of the robot arm, which 

results in the robot arm remaining stationary during this 

range. Based on the conclusions, it can be seen that the 

steady-state vibration range in the locked area is higher 

than that in the other two areas. Further increases in fl uid 

speed result in the reduction of the range of oscillations 

of the robot arm. At suffi  ciently high speeds, the fl uid fl ow 

causes damping in the arm and causes it to tend to zero 

fl uctuations, as shown in Fig.  4 c, which   u = 0.25     is visible. 

Figure  5  illustrates the maximum range of fl uctuations of 

the pliable arm as a function of the speed of exterior fl uid 

fl ow.         

 According to Eq. ( 22 ), the infl uence of fl uid fl ow speed 

on the period history of the lift force is studied for the pur-

pose of determining the lift force utilized by the vortex. For 

various amounts of the fl uid fl ow rate, Fig.  6  illustrates the 

period history of the power applied to the arm via the fl uid. 

Fluid velocity has a signifi cant eff ect on the force applied to 

  Fig. 3       Infl uence of relative fl uid 

speed on the end-point defl ec-

tion and the phase curve of the 

robot arm for the velocities of  a  
  u = 0.5     ,  b    u = 0.6     , and  c    u = 0.8      
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the arm, and not only the amplitude but also the frequency of 

fl uctuations. The lift force can be seen by comparing Fig.  6 a 

and b, plotted for   u = 0.001     and   u = 0.01     sequentially. When 

a fl uid velocity is maintained constant at the lower ranges 

while a constantly applied force range is maintained, the 

frequency of applied force fl uctuations increases signifi -

cantly. With an increased fl uid fl ow speed, the frequency of 

applied force fl uctuations increases signifi cantly. Based on 

the comparison of Fig.  6 b and Fig.  6 c   u = 0.02     , it is evident 

that oscillation frequency increases greatly when a small 

amount increases fl uid speed. Still, the applied force range 

remains almost constant.         

 Furthermore, as the fl uid speed increases, the range of 

applied force increases as well, which causes the range of 

oscillations of the robot arm to suddenly increase. In Fig.  6 d, 

which shows the period history of the force applied to the 

robot arm   u = 0.8     , it can be seen that in this case, the range 

of the applied force is almost equal to its maximum value, 

and its size is equal to 2.02. This makes the oscillation range 

of the robot arm reach the maximum at this speed. Increas-

ing the fl uid speed further causes the exterior fl uid fl ow to 

act as a renitent power against the motion of the robot arm, 

thus reducing the range of system oscillations. Figure  6 e 

presents the period variations of applied force per speed. 

  Fig. 4       Infl uence of relative fl uid 

speed on the end-point defl ec-

tion and the phase curve of the 

robot arm for the velocities of  a  
  u = 0.95     ,  b    u = 1     , and  c    u = 1.5      
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of vortices, oscillating pressure is applied to the body, 

causing it to vibrate. A more increase in the fl uid speed in 

the region following the locking region decreases the range 

of fl uctuations, and the stable state range of the system 

attains zero, unlike previous states. 

 Additionally, the stable-state oscillation range to the 

lock-in region is more extensive than that for the other 

two areas. According to the comparison of the impact of 

the radius of the gyration parameter, it may be seen that 

this parameter has a considerable impact on the dynamic 

demeanor of the system. As the results show, increasing 

this parameter, in addition to postponing the position of 

the locked area, causes a 15% decrease in the maximum 

amplitude of the robot arm. Robots designed to operate 

in fl uid environments can be aff ected by these unwanted 

vibrations, which could lead to unrealistic results when 

mathematical simulations are performed. 

    Scopes for�future study 

 As future work one can do any of the following:

    •  Further investigations on robotic arm structure and sug-

gest the better structure material to reduce its vibration.  

   •  development and control methods for under water 

applications of the robotic arm  

   •  Investigation on passive control methods for vibration 

suppression of a robotic arm in the fl uid medium.    
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