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KEYWORDS ABSTRACT

Fluid-conveying robots, This paper presents the dynamic modeling of a robotic manipulator capable of fluid conveyance
Gibbs-Appell formulation, using the Gibbs-Appell formulation. The primary objective is to derive efficient recursive
Non-material control volume, equations for systems with non-material control volumes, where constant-velocity fluid flow
Computed Torque Control. induces complex inertial and Coriolis forces. First, the kinematic relations are derived using a

material approach and the Denavit-Hartenberg convention. Subsequently, the equations of motion
are formulated by calculating the Gibbs function (acceleration energy) for the rigid links, the
conveyed fluid, and the concentrated masses of the actuators. This approach significantly reduces
computational complexity, providing an ideal framework for real-time control. To validate the
model, a 5-DOF manipulator was simulated under a Computed Torque Control scheme in two
scenarios: "No-Fluid" and "Fluid-Conveying." The results demonstrate that fluid flow increases
joint torques by up to 18% and alters transient responses. The proposed model successfully
maintained the tracking error within 15 mrad despite hydrodynamic disturbances, proving its high
fidelity in analyzing fluid-structure interaction.

Extended Abstract
1. Introduction

n recent decades, the growing application of robotic manipulators in diverse industries has significantly

increased the demand for multifunctional robotic systems. One of the advanced novel applications is the fluid-

conveying robotic manipulator, which covers a wide range of uses. In the medical and biomedical industries,
these systems are used for precise transfer of pharmaceutical substances, blood sera, and biological solutions in
minimally invasive surgical processes and automated injection systems [1-3]. In chemical and petrochemical
industries, these arms are employed for the safe handling of hazardous, toxic, and corrosive materials in high-risk
environments [4]. In precision agriculture, robotic irrigation systems with fluid-conveying capability have attracted
attention for optimal distribution of water and liquid fertilizers [5, 6].

The dynamic analysis of fluid-conveying robotic arms presents specific challenges from a mathematical and
computational modeling perspective. Unlike conventional robotic arms that deal only with the fixed and distributed
mass of links and an end load, in these systems the moving fluid inside the arms exerts a significant and nonlinear
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effect on the overall system dynamics. The relative motion of the fluid generates inertial forces, complex Coriolis
forces, and nonlinear hydrodynamic interactions, which substantially increase modeling complexity [7. 8].
Furthermore, the effects of fluid viscosity, pressure drops along the flow path, and fluid-structure interaction (FSI)
phenomena can also influence the dynamic behavior of the system [9].

Extensive research has been carried out on the dynamics of fluid flowing through tubes, pipes, and various
channels [10. 11]. However, most of these studies have focused on fixed pipes or structures with specific motion
constraints [ 12, 13], without fully considering the rigid-body motion of multi-body systems with multiple degrees
of freedom such as robotic arms. In the robotics literature, various methods have been developed for dynamic
modeling of robotic systems. The Lagrange method is suitable for systems with holonomic constraints [ 14], while
the Newton-Euler method is efficient for recursive algorithms and real-time computation. Kane's method has
advantages for systems with non-holonomic constraints [15].

For complex systems with a high number of degrees of freedom and internal dynamic interactions such as fluid
flow, the Gibbs-Appell formulation offers notable and unique advantages. Introduced by Gibbs in 1879 and further
developed by Appell in 1900, this formulation uses the concept of the Gibbs function (acceleration energy) to
derive equations of motion directly and recursively, without requiring explicit calculation of the total kinetic
energy. This unique feature significantly enhances computational efficiency, reducing complexity from O(n*) in
the Lagrange method to O(n?) [16-18]. Korayem et al. applied the Gibbs-Appell formulation for dynamic analysis
of flexible robotic arms and systems with variable loads [19, 20].

The primary objective of this research is to present a complete, systematic, and generalizable framework for
the dynamic modeling of N-link fluid-conveying robotic manipulators with constant-velocity fluid flow. In this
regard, complete kinematic relations for the differential elements of the arm as rigid moving bodies and the fluid
as a non-material control volume are derived recursively using the material approach and standard Denavit-
Hartenberg coordinate systems. Then, utilizing the updated Gibbs-Appell formulation for systems with variable
control volumes, the Gibbs function is calculated for the three main components: rigid links, conveyed fluid, and
concentrated components including motors and the end-effector.

2. Dynamic Modeling of Fluid-Conveying Robotic Manipulator
2.1 Kinematics

To express the motion of the robotic system, reference and local coordinate systems attached to the robotic
arms must be selected. The generalized coordinates for an N-link robotic arm are definedas ® = [ 6;, ..., 6,]".
The Denavit-Hartenberg naming convention is used for coordinate systems attached to each link. For computing
the position, velocity, and acceleration vectors of differential elements Q% on the link and QF on the fluid, the
position vectors relative to the local coordinate system (0;) are expressed as:

B o =i M
: . . F/B
Lrg/oi = Lrg/oi + LrQ§0i @

where ix; is the unit vector along the x; axis, 7 is the distance from the origin (0;) to the differential elements,
and irg //gi represents the relative position of the fluid with respect to link i. Using recursive equations, the absolute

position vectors are obtained. The accelration vectors of the differential elements are:

B in g ) ) B
g = o, + '@ X 'rg 0, + 'wi X (‘wi X ’rQ/Oi) 3)
- g ) F/B i ) B

g = o, + '@y X 'rg 0, + 'y X LFQ;OI- + lw; % (fw; x ‘rQ/Oi) ()

The acceleration vectors of differential elements Q% and QF account for the angular acceleration of link i and
the Coriolis effects due to fluid velocity vy relative to the arm.

2.2 Gibbs Function and Equations of Motion

The total Gibbs function of the fluid-conveying robotic arm consists of three components: (1) Gibbs function
of links (S;), (2) Gibbs function of the fluid (Sg), and (3) Gibbs function due to concentrated masses of motors
and end-effector (Sp). The differential Gibbs functions are:
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where u? is the mass per unit length of link i, uf is the fluid mass per unit length, and M/™ is the motor mass.
The total Gibbs function is obtained by integrating over each link and summing. By differentiating the Gibbs
function with respect to quasi-accelerations and the potential energy with respect to generalized coordinates, the
inverse dynamics equations (yielding joint torques from the desired trajectory) and the forward dynamics equations
(determining joint accelerations from applied torques) are extracted. The final equation of motion is:

Lj Lj
S=YNi(J, dSP? + [, dS{ + SPiy ®)

The final motion equation is:

é1 Rel 1—‘1
g 0
6, Re,) I

2.3 Computed Torque Control

[111 A P

I In

Due to the nonlinear nature of the equations and the dynamic coupling between fluid and links, the Computed
Torque Control (CTC) method was selected as the control strategy. The control law is:

T =1(0)[0,f + Kqé + Kpe + K; [ e] + h(0,0) (10

where Kp,, K, and Ky are the proportional, integral, and derivative gain matrices, e is the position error, and
h(@, 9) is the compensator term. For stability, it is sufficient that Kj; > 0, K,,;> 0, and Kj; > 0 for all i. Gains are

selected based on pole placement with a damping ratio § = 0.7. Two types of trajectories were designed: (a) point-
to-point motion using a Sth-order polynomial, and (b) zigzag motion for spraying applications.

3. Numerical Simulation and Results

To validate the proposed dynamic model and evaluate the performance of the computed torque controller,
simulations were conducted for a 5-DOF robotic arm containing fluid flow, using MATLAB software. The
mechanical specifications of the robot are given in Table 1. The simulation is conducted in two modes: (a) no-
fluid and (b) fluid-conveying, allowing direct comparison of system behavior under hydrodynamic loading.

Table 1. Mechanical specifications of the 5-DOF robotic arm

Parameter Value Definition Unit
L; [0 035 035 012 0.08] Link lengths m
uf 2.8 Mass per unit length of link Kg/m
uif 850 Fluid density per unit length Kg/m
D;, 0.02 Inner pipe diameter m
Ve 3.0 Fluid flow velocity m/s
t 5 Simulation time s
g 10 Gravitational acceleration m/s?

3.1 Point-to-Point Motion Simulation

In this scenario, the robot moves between two predetermined points. The error analysis reveals that the
minimum tracking error corresponds to joint 5, while the maximum error occurs at intermediate joints. This
demonstrates the influence of initial fluid inertia and Coriolis torques on robot performance. The end-effector error
is approximately 45 mm, confirming that the designed controller provides stable motion despite the nonlinearity
of the model.

Comparison of the fluid-conveying and no-fluid cases shows that fluid presence increases joint tracking errors
by approximately 20% (18 mm versus 15 mm in Cartesian space) and extends the settling time from approximately
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0.45 s to 0.62 s. Joints 2 through 4 are identified as the most sensitive joints, due to the reduced link-to-fluid mass
ratio in distal links and increased Coriolis force effects at the end of the kinematic chain.

3.2 Zigzag (Spraying) Motion Simulation

In this scenario, a zigzag trajectory was programmed for spraying operations on surfaces. Due to the increased
path complexity and nonlinear system behavior, tracking errors are higher than in the point-to-point case. Steady-
state errors appear at joints 2 and 3, while other joints converge toward zero in an oscillatory manner. The initial
motion shock caused by fluid flow induces transient instability in the robot joints, though the system quickly
recovers and remains bounded.

The torque analysis shows that applied torques at all joints, particularly the main joints, are smooth and without
severe oscillations. The maximum torque recorded at joint 2 is approximately 4.22 N-m. The Sat: 0% indicator in
most joints confirms that the Gibbs-Appell model accurately predicts dynamic requirements, preventing motor
saturation. The total joint torque consumption demonstrates the efficiency of the proposed computational structure.

4. Conclusions

In this paper, a systematic and efficient framework for dynamic modeling and control of multi-link fluid-
conveying robotic manipulators was presented. Using the updated Gibbs-Appell formulation for systems with
variable control volumes, the complexities arising from relative fluid motion, Coriolis forces, and hydrodynamic
interactions were accurately incorporated into the equations of motion.

The key results obtained from simulation and comparison of the "no-fluid" and "fluid-conveying" cases are:
(1) Fluid Effect on Torque: the presence of constant-velocity fluid flow, acting not only as an additional mass but
as an active dynamic agent, leads to a 15—18% increase in joint torques at peak acceleration moments. (2) Tracking
Accuracy: the computed torque controller, relying on the extracted model, maintained tracking error within 15
mrad (joint space) and less than 20 mm (Cartesian space) in the presence of fluid. (3) System Stability: despite
hydrodynamic disturbance forces at distal joints, the system rapidly achieved asymptotic stability and motor torque
saturation was prevented. (4) Computational Efficiency: using the Gibbs-Appell method instead of Lagrange
reduces computational complexity, enabling real-time control implementation for high-DOF robots.

Future research directions include: analysis of water hammer effects due to sudden fluid flow changes;
modeling of flexible links in combination with fluid dynamics; extension of the model to time-varying fluid
velocities; application of adaptive and intelligent controllers for online estimation of unknown fluid parameters;
and experimental validation on a physical laboratory prototype.
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