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Hydraulic robotic arms have a wide range of applications. It
utilizes hydraulic power, which involves the use of pressurized
fluid to generate and control movements. Hydraulic robotic arms
consist of several components, including hydraulic cylinders,
pumps, valves, and actuators. The advantage of using hydraulic
systems in robotic arms is their ability to generate high forces and
torque, enabling the arm to lift heavy loads. Hydraulic systems
also provide smooth and precise control over movements,
allowing for precise positioning and manipulation of objects.
However, hydraulic systems can be more complex and require
additional maintenance compared to other types of robotic arm
mechanisms. In order to analyze the structural integrity of the
hydraulic robotic arm were created a kinematic model. For
complemented the design analysis process was created cad
model, allowing simulations and analysis of the robot for view

the motion of each link and characterize their dynamics.
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1 Intruduction

Robot is an important element in today's production and assembly. A hydraulic
robotic arm is a mechanical device that mimics the movements and functions of a
human arm using hydraulic systems. Hydraulic robotic arms have a wide range of
applications. They are commonly used in industrial settings for tasks such as heavy
lifting, assembling, welding, and material handling. They can also be found in
construction equipment. Additionally, hydraulic robotic arms have been used in
medical fields for surgical procedures and rehabilitation. A hydraulic robotic arm
typically consists of several interconnected segments, often referred to as links or
joints. Hydraulic actuators are the key components responsible for moving the joints
of the robotic arm. They usually consist of a hydraulic cylinder and motors.
Hydraulic fluid is used to transmit force from the actuators to the joints. The
movement of the hydraulic robotic arm is controlled by a hydraulic control system.
Valves are used to regulate the flow of hydraulic fluid to different actuators, enabling
precise control over the arm's movement. To make the robotic arm more intelligent
and adaptable, sensors can be integrated into the system. These sensors can provide
feedback on the arm's position, force exerted, and other relevant data. This feedback

can be used to adjust the arm's movements and ensure accurate and safe operation.

Figure 1: Hydraulic robotic manipulator.

Source: own.

2 Structure of hydraulic robot arm

The structure of a hydraulic robot arm can vary widely depending on its intended
purpose and complexity. However, the key components and structure commonly

found in hydraulic robots are base, hydraulic elements, sensor and control elements.
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The base serves as the foundation of the robot and provides stability and support.
It often contains the hydraulic reservoir, pump, and control systems. Depending on
the robot's design, it may have multiple joints and segments to enable vatious
degrees of freedom and movements. Hydraulic robots are equipped with end
effectors or tools that allow them to interact with their environment. These tools
can include grippers, welding torches, cutting tools, or any other devices relevant to
the robot's intended tasks. The task of the structute of hydraulic robotic arm is to
realize the necessary movement of the robot gripper during the implementation of
the work task. This means that it is necessary for the gripper to achieve the planned
position and orientation at each point of the path, as well as the appropriate speed

and acceleration.

The following figure will show the movement of the hydraulic robot arm when
transferring a rectangular object from the stand to the work table. The robotic arm

is positioned above the object of manipulation and grasps it with a two-finger
gripper.

P

Figure 2: Designed hydraulic robotic arm. Lifting objects and placement object.

Source: own.

3 Components of a robotic arm

The representation of the flow of energy through the hydraulic system of robotic
arm is presented in Figure 3. The diagram shows that at the beginning there is a
source of mechanical energy, and that finally, the series of energy conversions ends
again with mechanical energy (the hydraulic motor or cylinder provides a torque or
force that drives the load). Therefore, the hydraulic system has the role of an energy

transmittet.
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Figure 3: Energy flow through the hydraulic system.

Source: own.

Hydraulic system consists of a hydraulic motor and two hydraulic cylinders. The
hydraulic motor has the role of rotating the entire robot. Hydraulic cylinders are
used for translational movements of hydraulic arm segments. The cylinder that
drives the first segment of the arm has a stroke of 255 mm, and the cylinder that
drives the second segment has a stroke of 305 mm. The following figure shows the
hydraulic diagram of the entire system with all components. As can be seen, the

executive elements of this system are a hydraulic motor and two hydraulic cylinders.

Hydraulic gylinder 2 Boom arm

Stick arm

Hydraulic
cylinder 1

SN
Hydraulic ail tank

Figure 4: Hydraulic diagram of the robotic arm and main elements.

Source: own.

A hydraulic cylinder is a mechanical actuator that converts hydraulic energy (the
pressure of hydraulic fluid) into linear mechanical force and motion. Hydraulic
cylinders can be integrated into the joints of robotic arms to provide controlled and
powerful movement. They are particularly useful in applications where the robot

needs to lift heavy objects, as hydraulic cylinders can generate substantial force while
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maintaining precise control over the motion. Table 1 shows all the data that will be

subsequently used to create the mathematical model.

Table 1: Data for hydraulic cylinders

Hydraulic cylinder 1 Hydraulic cylinder 2

cylinder

A21 = 945.5 [mmz]

2 2
Piston surface of A = M Ay, = M
lind
cyineer Ay = 1962,5 [mm?] Ay, = 14538 [mm?]
2_42). 2_42).
Rod surface of Ay = W Ay = W

AZZ =945.1 [mmz]

Hydraulic system requires a
extraction speed vi=50 [mm/s] for

Hydraulic system requires a
extraction speed of v»=30 [mm/s]

cylinder 1 for cylinder 2.

Travel time for the

_ L =101
total stroke Vi = e - t, = 10,1 [s]

2
Qc1 = Vig ~Agq Qcz = Viz " Ay

3
0. = 98125 | "] 0a = 58530 [ "2

l
Viy =t—11—> t; = 5,1 [s]

Required amount of
oil for the given speed

Connecting rod Qo1 _ Q2 _
retraction speed Uy = A_21 = 103.8 [mm/s] Vyp = A_zz = 62.3 [0]
Selected: 050/36x255 050/36x305

A hydraulic motor is a mechanical device that converts hydraulic pressure and fluid
flow into rotational mechanical power. Hydraulic motors can be integrated into the
joints of a hydraulic robot to provide rotational motion. This allows the robot to
achieve different degrees of freedom and perform various movements. Hydraulic
motors can be used to rotate specific components or manipulators attached to the
robot. This rotation can help orient the end effector, tool, or sensor for precise
positioning and interaction with the environment. Table 2 shows all the data for

hydraulic motor that will be subsequently used to create the mathematical model.

Hydraulic pump creates pressure that drives the hydraulic actuators, such as
hydraulic cylinders or hydraulic motors, which move the robotic arm or other
components. The pump's flow rate and pressure are carefully controlled to ensure
precise and controlled motion of the robotic arm or other parts. This control is
essential for accurate positioning, movement, and interaction with the robot's

environment.
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Table 2: Data for hydraulic motor

Maximum angular speed

Wrmax = 160 [rad/s]

Max. revolutions of the rotary joint of the _ WRmax _ 25
nmax - - [rpm]
robot 21
.. . . M max
The transmission ratio of the reducer i=——=20
NR max

Max. revolutions of the hydraulic motor

Nymax = "N omgx = 500 [rpm]

Selected hydraulic motor

Maximum starting pressure

Dsmax = 280 [bar]

Maximum working pressure

Prmax = 210 [bar]

Working volume

V =16.5 [cm?]

Maximum rotation speed

n = 3000 [rpm]

The flow required for this hydraulic motor

Qu = Ny max "V = 8.25 [1/min]

There are different types of hydraulic pumps commonly used in hydraulic robots,

including gear pumps, vane pumps, piston pumps, and more.

Table 3: Data for hydraulic pump.

Total flow for all components in the
hydraulic system

for cylinder 1: Q.1 = 5.88 [I/min]
for cylinder 2: Q., = 3.53 [I/min]
hyd. motor: @, = 8.25 [I/min]
Qmax = Q¢ + Qcz + Qcz = 17.66 [I/min]

Vane hydraulic pump is selected with the

following characteristic:

Maximum pressure

Pmax = 137 [bar]

Maximum flow

Qmax = 30 [I/min]

Working volume

V = 16.4 [cm?]

Maximum rotation speed

Npnax = 1800 [rpm]

Required rotation speed for this pump

n= % = 1075 [rpm]

While hydraulic systems are often associated with hydraulic actuators like cylinders
and motors, electric motors are also commonly used in combination with hydraulic
systems for different parts of a robot. One common application of electric motors
in hydraulic robots is to drive hydraulic pumps. An electric motor can provide the
necessary rotational power to drive the pump, pressurize the hydraulic fluid, and
initiate movement in the hydraulic system. Electric motors offer precise speed and
torque control, which can be advantageous when combined with hydraulic systems.
Electric motors can drive hydraulic pumps at varying speeds, allowing for finer
control over the hydraulic system's performance. Today, some of the following types
of electric motors are most often used in robotics: DC Motors; AC motor; steppet

Motors. In this work, an AC asynchronous motor will be used. An AC asynchronous
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motor, commonly known as an induction motor, is a type of electric motor that
operates on alternating current (AC) and is widely used in various industrial and
commercial applications due to its simplicity, robustness, and reliability. According
to the design task, an alternating three-phase asynchronous cage motor was selected,

with power of 7.5 kW, and the speed of the motor is 1440 rpm.

Valves are devices used to control or regulate the start, stop, direction, and flow of
pressurized fluid supplied by a hydraulic pump. Distributors and servo valves will be
used for this hydraulic system to control and position the executive elements of the
hydraulic system. A servovalve is a critical component in a hydraulic system that
controls the flow of hydraulic fluid with high precision. Many servovalves operate
in a closed-loop system, where feedback sensors provide information about the
current position, velocity, or force of the actuator. For this hydraulic system is
selected servo valve has the following characteristics: Maximum pressure pmax = 315

bat; maximum flow Oma=48 1/min.

Sensors are vital components in hydraulic robots as they provide critical feedback
about various parameters, allowing the control system to monitor, adjust, and
optimize the robot's performance. Sensors enable the robot to interact with its
environment, perform tasks accurately, and ensure safe operation. Robotic system
use devices for measuring translational and rotational movements called encoders,

then sensors for measuring pressure, as well as a turbine flowmeter.

Finishing devices for a robotic arm refer to tools, attachments, or components that
are added to the end effector (gripper or tool) of the robot arm. These devices are
designed to perform specific tasks that are often the final steps in a process. The
choice of finishing devices depends on the application and industry in which the
robotic arm is being used. A gripper is a type of end effector commonly used in
robotic arms to grasp, hold, and manipulate objects. Grippers come in different
types, each suited for specific applications. Three-Finger Gripper consist of three
tingers that move radially to encircle an object. They offer versatility and can grasp
a wide range of object shapes and sizes. Two-Finger Grippe, similar to a three-finger
gripper, has two fingers that move to grasp an object. It's suitable for tasks where
objects have simple shapes and sizes. Vacuum Grippe use suction to hold objects.
They are effective for grasping objects with smooth and flat surfaces, such as sheets

of material or boxes.
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a) b) )
Figure 5: Gripper with two fingers a), three-finger b) and Vacuum gripper c).
Source: own.
4 Modelling of hydraulic robot arm

Hydraulic robotic arm is defined using the hydraulic manipulator equation that
includes inertial, gravitational, centrifugal, and external forces acting on the motion
dynamics. This model is derived as a function of angles and moments. The base
coordinate system Xoyozo is defined in the xoyo plane, which represents the base, and
the z axis is the axis around which the robot manipulator rotates. The joint angle q
is defined as the angle from the x axis to the x; axis around the zo axis. At the very
end of the reverse joint, the xiyi1z1 coordinate system is defined, with the axis z
around which the joint gz rotates. The joint angle q» represents the angle from the
x1 axis to the x» axis in the direction of the right coordinate system. The coordinate
system Xoy2z2 is attached to the end of arm 1 (boom) (joint qz), where the joint g3
rotates around the axis z2. The joint angle g3 represents the angle from the x; axis to
the x3 axis around the 2 axis in the direction of the right coordinate system. The
x3y3z3 coordinate system is attached to the end of arm 2 (stick) (joint g3) and the

direction of the z3 axis is parallel to the z» axis.

¥3 X2
Zy \/1
= ., % Y3
9z X1 Z3 X3
1 21
‘jfh
Yo

Figure 6: Defining joints and coordinate systems.

Source: own.



A. Osmanovié et al.: A Contribution to Research Into the Design and Analysis of a Hydranlic

Robotic Arm 81

Using the joints and coordinate systems defined above, the dynamic equation of the
robotic arm is described by the following equation:

D (q(®)d® + h(g®),q®) + c(q(®) + B4(®) + d(t) = 7(t) ©))
Where is:

7(t) - moments generated by hydraulic cylinders;

D (q (t)) - symmetric inertial n x n matrix;

h(q (v), q(t)) - n x 1 nonlinear vector of Coriolis and centrifugal force;
C(q(t)) - n x 1 gravitational force vector:

B — diagonal damping matrix;

d(t) — external disturbances involving friction in the joints.

The moments generated by the hydraulic cylinders 7(t) atre a function of the angles
of the joints q, while the forces of the hydraulic cylinders Fop act on the joints as a
function of the linear displacement of the cylinder Xy (t). Moments generated by
hydraulic cylinders are related to forces by the following expression:

T=]'Fopt @

Where ] represents the Jacobian matrix that has the following form:
ox L1

2a, 0 0
ax
j=o Zz o 3)
0 0 24,

Oxpq O0xpy OxL3
0q, ' 9q2 ’ 943
displacement of the cylinder. The hydraulic dynamics of each cylinder is defined by

represent the relationships between the joint angles and the linear
the following equations:

v, .
=P =—A; %~ Cppp* (P —P2) = Com1 - (P — P,) + Q4 “

e
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v, .
ﬁ_Ze'Pz=A2'x+Ctm'(P1—Pz)—Cemz'(P1—P2)—Q2 ®)
V1 = Vhl + Al . .X'L (6)
Vo =Vha — Az %y, @)

Where is:

x, — displacement of the cylinder;

V1 - volume of the bore patt of cylinder including the volume of the pipe from the
valve to the cylinder;

Vh4 - volume when x1.=0;

V5 - volume rod part of cylinder piston including the volume of the pipe from the
valve to the cylinder;

Be - modulus of elasticity;

P; — cylinder bore surface;

P, — cylinder rod surface;

Cim - cocfficient of internal oil leakage;

Q4, Q; - flows at the entrance and exit from the cylindet.

The mechanical subsystem model was created in the Matlab-SimMechanics, which
is an efficient modelling and simulation tool. This tool uses blocks for modelling
bodies and joints with corresponding inputs and outputs where each block defines
some physical property such as mass, moment of inertia, possible joint movements,
etc. The sensor block provides information about the output movements, while the
actuator block defines the inputs. Since the arms of the hydraulic robot are
connected to linear hydraulic cylinder, these actuators are modeled as translator

joints in the mechanical part of the system.

—B T Fi—=e|csMlbest|B—F B g cs28lpest p——

Hidraulicki
ciindar

Aktuator (zglob)

Figure 7: Translator joint of the hydraulic cylinder in the kinematic model.

Source: own.
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In order to create a kinematic model of the system, it is necessary to know the masses
of the members and the moments of inertia. The following table 4, shows these
parameters for hydraulic robotic arm.

Table 4: Masses and moments of inertia of members.

Moment of inertia Moment of inertia Moment of inertia

Parameters Mass

Ixx [kg-m?] Iyy [kg- m?] Ixy [kg-m?]
Element 1 388.48 1798.10 1991.41 45
Element 2 568.14 515.50 968.33 32
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Figure 8: Kinematic model of hydraulic robotic arm.

Source: own.

The Figure 8, show the kinematic model of the hydraulic robotic arm, on which the
masses and moments of inertia of the members are defined using the body block,

while the hydraulic cylinders are shown using translator (prismatic joints).

The hydraulic subsystem is modelled using the SimHydraulics tool. Hydraulic
systems consisting of a hydraulic cylinder controlled by a proportional electric valve.
The figure 9, show a hydraulic cylinder modelled in Simhydraulics. It can be noted
that the hydraulic cylinder is controlled with 4/3 valve, and with a measuring
components.
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Figure 9: Hydraulic cylinder in Simhydraulics.
Source: own.

In addition to the hydraulic cylinder, the robotic arm also has a hydraulic motor, the

model is present on a figure 10.
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Figure 10: Hydraulic motor in Simhydraulics.
Source: own.
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By running the created models in Matlab Simulink, it gets information about the
movements of the elements of the hydraulic system. It can also obtain data
information according to which the pressures and forces acting on the elements of
the system. The following figure shows the diagram of the displacement of the
hydraulic cylinder during the movement of the hydraulic robotic arm and hydraulic

cylinder pressure change.

a) - b) =

Figure 11: Displacement (a) and hydraulic cylinder pressure change (b).

Source: own.

4 Conclusion

There are many tasks where hydraulic robotic arms have an advantage over classic
electric manipulators. Machines in the construction, industry, as well as the control
of the movement of heavy loads require high power in relation to weight, rigidity,
and short response time, which can be provided by using hydraulic robotic arms.
Hydraulic robotic arms (or manipulators) are composed of hydraulic cylinders,
hydraulic motors that produce the forces and moments needed to move the joints
and are controlled by servo valves, hydraulic pump that provides high fluid pressure
in the system, and an electric motor that controls the hydraulic pump. Three types
of grippers were designed and presented: gripper with two fingers; three-finger
gripper and vacuum gripper. In the end, the components were modelled using
Matlab and Cad software, and their movement was simulated. This research presents
a simulation model of a mechanism with a hydraulic drive system that performs
linear or transversal motion and rotation. The procedure of manual calculation is
simplified by creating a simulation model. The provided model gives the force,
displacement, velocity, and acceleration of the piston from the hydraulic cylinder.

This model-based design is a procedure that allows for the simpler construction of
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dynamic systems as hydraulic arm robot and the optimization of hydraulic drive

systems based on the results of computational modelling,
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