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Abstract: Robotic systems play an 
important role in the development and 
modernization processes of production, 
facilitation of labor, and human life. The 
robotic manipulators are outstanding 
among such systems. Such robots can be 
used for various spheres of their 
application. In this case, there is the 
manipulator’s effective control problem in 
the working area, of which there may be 
various obstacles. Therefore, a procedure 
is required to find the optimal path for 
moving the robotic arm. To develop such 
a procedure, the literature was reviewed, 
and the structural diagram of the control 
system of such a robot and its components 
was summarized. It proposed a 
mathematical formalization of the search 
for the optimal path to move the robot 
arm, an algorithm based on a modified 
method of navigation graphs, to realize 
the more natural movement of the robot 
arm. Experimental studies were 
conducted with different numbers of 
objects on the path of robot arm 
movement, which were combined into 
groups. The temporal results of this 
process are presented in a diagram. 
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1.INTRODUCTION
Robots have different areas of appl  ication, 
design features, and, as a result, classification 
and grouping according to functionality [1-5]. 
All researcher  defines robotics as a special area 
of intellectual modernization of production, 
construction, and other areas of human life. 
Robotic manipulators (RM) can separate 
devices and parts of complex robotic complex to 
perform functions of a human hand in 
production and are maneuverable with the 
possibility of traditional movement in two-
dimensional space and 3-dimensional. RMs 
work in productions, on a level with people, and 
perform various production functions. While in 
real-time, they can work autonomously and 
interact with people without delimitating the 
working area. It is always necessary to consider 
not only the working space (environment) of 
movement, but also obstacles in RM’s way, 
which can affect reaching goal speed. RM 
devices can automatically detect obstacles in 
their path and then make decisions to overcome 
them (circumvention); obstacles can also move. 
Applications examples of RM are material 
transfer; arc and spot welding; forging and 
stamping; spray coating; drilling, milling, 
riveting, grinding, and polishing operations; 
assembly of mechanical, electrical, and 
electronic parts; product quality control; 
surgical operations; and agro-industrial works 
[6-9]. Today, besides robotic manipulator 
development, new designs and methods of their 
control that largely depend on RM functionality 
and their operation conditions are relevant to 
solve the issues of planning RM in space with 
obstacles. In this case, solving the robotic 
manipulator planning path problem is 
fundamental in robotics research because it 
affects the industrial robots’ autonomy 
improvement in static and dynamic 
environments. One of the urgent problems 
associated with robotic manipulator modeling, 
considering the external environment due to 
the emergence of new robot designs and 
methods, is to find their movement’s optimal 
path. Optimal movement, or finding the 
movement’s optimal path, is generally 
understood as a rule, movement (motion) 
without collisions with obstacles. The planning 
movement of RM prehistory is needed for 
moving an object (RM) to achieve a given goal 
without collisions affecting, to some extent, 
production intensification. The ability to 
overcome obstacles will continue its basic 
functions; otherwise, an emergency may even 
affect the execution time of the technological 
process in which such a robot is involved. The 
work [10] analyzed problems associated with 
positioning grippers as a solution to these 
problems focused on kinematics. This paper 
presents a design and development of a robotic 
arm with 5 degrees of freedom for feeding the 

elderly or people with disabilities. Ensuring the 
functioning of robots in environments with 
obstacles has become a prerequisite for the 
emergence of various algorithms and programs 
that allow them to monitor and consider 
environmental limitations quickly. Quite 
popular are algorithms for efficient tracking of 
robotic arm different trajectories based on 
neural networks [11]. In  Ref. [11], a robot 
manipulator can follow a cubic position 
trajectory. In Ref. [13] improved the path 
search fundamental method, such as algorithm 
A* in [12], to adapt to the constraints of the 
neighborhood. In this paper, it was considered 
a local path (between the current node and 
target node, which is planned before the next 
search in the neighborhood of the current node) 
directly taken if it is safe and has no collisions. 
In Ref. [13] proposed a post-processing step to 
optimize the resulting path by straightening the 
local path to reduce the number of local paths 
and path length. It is worth paying attention to 
algorithms whose search optimization is based 
on genetics and natural selection principles. In 
Ref. [14], local and global genetic algorithms 
were considered. The authors evaluated these 
methods by analyzing trajectory error, using 
polynomial trajectory to 3rd degree. 
Considering methods to find the robot 
manipulator motion path, it should be 
summarized that such methods can be divided 
into two main classes: 
• Graph-based methods, e.g., Probabilistic 

Road Maps [15] and Neural Networks [11]. 
• Tree-based methods, e.g., Rapidly-

Exploring Random Trees [16] and Guided 
Sampling Tree [17]. 

Table 1 shows the comparative characteristic of 
modern methods in the field of trajectory 
planning given in works [12-15]. Therefore, the 
main concept of this work is to define a 
trajectory planning strategy to plan the path 
before the start of movement without collision 
with obstacles considering the angular 
orientation of each RM link. Then an emphasis 
is made on the fact that movement is not 
angular, i.e., more natural. Planning the 
trajectory of movement without collisions with 
obstacles is the task of automatic generation of 
movement RM trajectories sequence to a given 
point along a path. As a result, it is necessary to 
obtain the most rational trajectory, which is, in 
fact, the shortest collision-free path, for the 
passage of which RM will spend less time. Thus, 
it is important for RM its ability to plan short 
and safe movements. From Table 1, it can be 
shown that the considered methods do not 
consider such complex indicators as links 
angular orientation and movement naturalness 
because travel time without collisions 
increased with the robot links numbers and 
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rotation angles. At the same time, it is 
important to conduct empirical studies to 
justify necessary solutions because each RM 
system performs its functions based on a 
particular implementation platform. 
Table 1 Pros and Cons of Modern Methods in 
the Field of Trajectory Planning. 

Method Pros Cons 
A method based on 
A* modified 
algorithm for Robot 
Path Planning [12] 

Algorithm A* is one of 
the best algorithms to 
find the shortest path. 
The A* algorithm 
determines the value 
of the heuristic 
function just before 
the collision phase, 
demonstrating a good 
reduction in 
processing time with 
higher speed. 

If the distance 
between the source 
and target is large, 
implementing 
algorithm A* from the 
source and target 
entails checking too 
many neighboring 
nodes (a large 
number of 
coordinates) one by 
one, increasing the 
distance between the 
source and target and 
increasing processing 
time. 

A method based on 
A* modified 
algorithm for Robot 
Path Planning [13]. 

The first advantage is 
the local path between 
the current node and 
the target node, which 
is planned before the 
next search in the 
vicinity of the current 
node. Also, the local 
path will be accepted if 
it is safe and has no 
collisions. The second 
advantage is to use a 
post-processing step 
to optimize the 
resulting path by 
straightening the local 
path to reduce the 
number of local paths 
and path length. 

If the number of 
sample points is 
insufficient when 
constructing a graph, 
the success rate of the 
search may be lower. 

A method based on 
genetic algorithms, 
i.e., one method is 
based on the local 
genetic algorithm 
and the other on the 
global genetic 
algorithm [14]. 

The method based on 
global genetic 
algorithms was proved 
to be more efficient, 
yielding less deviation 
with respect to desired 
trajectory and lower 
computational cost. 
The key advantage is 
that such methods can 
be applied even to 
complex problems 
without special 
methods. 

Methods based on 
genetic algorithms 
refer to evolutionary 
computation 
methods, and they do 
not guarantee a 
global solution 
detection in 
polynomial time. 

Semi-Labilistic 
Probabilistic 
Roadmap: 
Customizable by 
Parameters and 
sampling-based 
method [15]. 

This method is a stable 
and reliable path-
planning method for 
robotic manipulators.  
Useful when the 
perspective of the 
object under study is 
uncertain, i.e., its end 
state can be affected 
by a wide range of 
factors, such as 
positioning errors, 
joint failures, and 
displacements of 
obstacles. 

Although this 
approach is 
considered one of the 
leading approaches in 
motion planning, 
primarily for 
mechanical systems 
with many degrees of 
freedom in an 
environment with 
obstacles, it is not 
about realizing more 
natural movement. 

2.METHODOLOGY 
The above papers [10 - 15] found a robot-
manipulator movement path; however, none of 
these works focused on RM movement 
smoothness along the found path and angular 
orientation of robot links. Therefore, to begin 
with, it is proposed to solve the problem of 
robot naturalness movement by modifying the 
method of navigation graphs. The initial 
information before finding the trajectory of 
movement is the information about the path’s 
initial and final point and obstacles in the 
working space. Thus, the proposed solution 
goal is to obtain RM’s movement path, with a 
condition of bypassing not only one obstacle, 

but also more complex situations with several 
obstacles. 
2.1.Generalized Structural Diagram of 
RM Control System and Its Components 
Scientific interest has been in planning the 
robot’s path, i.e., with obstacles and without 
collisions. The key importance is given to the 
RM control system. Therefore, before solving 
the RM movement planning trajectory 
problem, a generalized structural diagram of 
the robot-manipulator control system is 
considered (Fig. 1). Among components of the 
RM control system, it should distinguish 
between [18]: 

1. means of adaptive control devices for 
controlling manipulator under conditions 
of changing environment and parameters. 

2. means of program control, designed for 
control by end users and solving 
technological problems. Such means 
include algorithms for control of 
electromechanical components of 
manipulator and algorithms for path 
interpolation, i.e., linear, circular, and 
spline. 

3. actuators, designed to control links of the 
manipulator. 

4. sensing tools, which allow for solving 
complex technological tasks requiring 
detailed information about the workspace 
state. Ideally, it should strive to use 
sensors that combine different types of 
sensing: locating, touching, slipping, and 
force-motion – in a single design. 

A discrete model of the robot's configuration 
workspace (map), i.e., a set of discrete points, 
must also be created to move RM. To solve the 
robot planning trajectory problem, there are 
many systems of robots autonomous 
programming-software products that perform a 
3D simulation of individual industrial robots or 
small robotic complexes, conducting trajectory 
optimization, and generation of control 
programs for robots, e.g., Tecnomatix 
ROBCAD, RobotStudio, CimStation, IGRIP, 
Robotworks, Robomax, Famos robotic, and so 
forth. [19-22]. 

 

Fig. 1 The Structural Diagram of the RM 
Control System. 
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The offline programming tools (OLP) consist of 
several steps [23-26]: 
1. Creating accurate CAD models of all 

components of the robotic process cell, i.e., 
parts, process environment, robot, tools, 
tooling, and so forth. 

2. Simulation of robotic technological cell in 
the virtual 3D environment. 

3. Calculation of reference points of robot-
manipulator trajectory for its movement to 
part and execution of technological 
operations. 

So, when considering means of motion 
planning, it is necessary to understand that 
environment can be dynamic and static and to 
know whether the environment consisting of 
one or many obstacles is fully known without 
information. The fundamental problem of 
motion planning is to obtain a collision-free 
path from the beginning to the goal of the RM. 
Therefore, it is necessary to consider global and 
local planning of the trajectory of the RM 
movement. In global path planning (global path 
planning, global path, route), i.e., having a 
starting point and an end point and working 
space (map) model, it is necessary to find an 
optimal path (Fig. 2(a)). 

 

                 (a)                                     (b) 
Fig. 2 Global and Local Planning Example. 

In local path planning (local path, local path, 
trajectory), i.e., having information coming 
from sensors, it is necessary to find the part of 
the path that is free from interference and as 
short as possible deviating from previously as 
little as possible deviating from the previously 
planned global path (Fig. 2 (b)). As a result, the 
optimization of RM movement trajectory is 
reduced to find some optimal curve in two-
dimensional/three-dimensional space with 
forbidden areas and boundary conditions. 
2.2.Mathematical Formalization of 
Procedure for Finding Optimal Path to 
RM Relocate 
The trajectory planning problem result is the 
best or optimal path between two points in 
space. The criterion for choosing an optimal 
path depends on specific conditions. For 
example, it can be the closest or least energy-
consuming trajectory; however, the most 
important task is still the possibility of the path. 
In this study, the navigation graph method is 
the most suitable for the optimal path of RM 
moving, as it is convenient to work with 3-
dimensional space [27]. The visibility graph 
planner is capable of repeatedly applying old 
calculations when dealing with new targets, i.e., 
in the case of a visibility graph, when changing 
the location of a target or robot, it can be called 

an agent. It is enough only to rearrange the 
graph edges from the agent and target. The 
method of basic navigation graphs will be 
improved to realize more natural movement 
and application of joined navigation graphs 
instead of intersecting ones. So, a graph 
consists of vertices and points in 3-dimensional 
space and edges that connect these points, 
applied in Fig. 3. 

 

 

Fig. 3 Example of Building Graph for 
Trajectory Planning. 

Fig. 3 shows examples with possible trajectories 
of RM movement built considering obstacles, 
the image of an environment (left) and a graph 
(right). In the beginning, there is a search for 
the nearest vertex of a graph as start and end 
points, and then the usual problem of path 
search in a graph between found vertices is 
solved, where the edges weight must be 
minimalist. In this research, only one object 
moves the manipulator's grip. It is proposed to 
present the procedure for finding the optimal 
path of RM moving: 

𝐺𝐺 =< 𝐺𝐺1,𝐺𝐺2, … ,𝐺𝐺𝑖𝑖 >,  (1) 
where 𝐺𝐺1 is the generalized navigation graph of 
a particular object; 𝑖𝑖 = 1, … , 𝐼𝐼, that said 𝐼𝐼 – 
number of possible graphs. In turn, the graph 
can be described as set: 

𝐺𝐺𝑖𝑖 =< 𝑉𝑉𝑖𝑖 ,𝑅𝑅𝑗𝑗,𝑃𝑃𝑘𝑘 >,      (2) 
Where 
𝑉𝑉𝑖𝑖 is a set of graph vertices at 𝑖𝑖 = 1, … , 𝐼𝐼, 𝐼𝐼 – 
number of possible graph vertices; 𝑅𝑅𝑗𝑗 is a set of 
edges at 𝑗𝑗 = 1, … , 𝐽𝐽, 𝐽𝐽 – number of graph 
possible edges;  Рk is the possibility sign 
(information about the possibility of space 
around the edge), which consists of a possible 
set of Pрpos and impossible trajectories of Pрipos 
movement. 
Highlight conditions for successful trajectory:  

1. Absence of collisions. 
2. Optimality in movements quantity and 

quality. 
3. Ensuring accurate positioning and 

following the necessary trajectory. 
4. Minimization of time operations. 
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5. Optimal speed of robot drives. 
Once the trajectory has been calculated and 
verified, it must be translated into the language 
of the control controller of a specific robot 
model to be implemented in the production 
environment. The search for optimal trajectory 
begins with the definition of starting point 𝑃𝑃𝑠𝑠 
and ending point 𝑃𝑃𝑔𝑔 (Fig. 3). Connecting these 
points will result in a segment, i.e., optimal 
path, which will be used for calculations. It is 
necessary to consider the 𝑃𝑃𝑖𝑖  − point, which sets 
the current position of a moving object on the 
trajectory, where 𝑖𝑖 = 1, … , 𝐼𝐼, I – number of 
"current" points (at different points in time) of 
movement on the path to the endpoint. 
Suppose some path Т𝑖𝑖   on graph 𝐺𝐺𝑖𝑖 from point 
 𝑃𝑃𝑖𝑖  to point 𝑃𝑃𝑔𝑔 of length l can be expressed as: 

Т𝑖𝑖 = 𝑣𝑣𝑖𝑖1𝑣𝑣𝑖𝑖2 … 𝑣𝑣𝑖𝑖𝑙𝑙+1    (3) 

where 𝑣𝑣𝑖𝑖1 =  𝑃𝑃𝑖𝑖   , then 𝑣𝑣𝑖𝑖𝑙𝑙+1 =  𝑃𝑃𝑔𝑔. 
The motion along each edge 𝑅𝑅𝑗𝑗 in this path has 
a constraint that stipulates the possibility of 
physical passage of object between obstacles-
passability. Then, let all sets of possible 
trajectories (paths) of RM movement: 

Т = {Т1, … ,Т𝐿𝐿}         (4) 
where Т𝑛𝑛 is subsets of different components of 
trajectory, i.e., segments connecting 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑔𝑔. 
In this study, the object-gripper RM is 
considered dynamic and static objects. The 
difference is that the dynamic objects can 
change their state, i.e., position and rotation, 
and work in 3-dimensional working space. 
Then, the gripper is considered a dynamic 
object that can change its position or angle 
(state) in the course of movement. Then, model 
G (1.1) is proposed to be represented as: 

𝐺𝐺𝑑𝑑 = {𝐺𝐺𝑖𝑖 ,𝑃𝑃𝑖𝑖  ≠ Р𝑖𝑖
  , ∪  𝑈𝑈𝑖𝑖 ≠ 𝑈𝑈𝑖𝑖

,}     (5) 
where 𝑃𝑃𝑖𝑖  is the object’s position at the current 
time; 𝑈𝑈𝑖𝑖 is the object’s rotation at the current 
moment; Р𝑖𝑖

   ,is the object′s position at the 
moment of preliminary path search; and 𝑈𝑈𝑖𝑖

,  is 
the turned object at the moment of preliminary 
path search. The found objects 𝐺𝐺𝑑𝑑 have changed 
their state, so their graphs should be listed. 
Then any path from 𝑃𝑃𝑖𝑖  to 𝑃𝑃𝑔𝑔 will intersect some 
sequence of navigation graphs 𝐺𝐺𝑑𝑑. Therefore, a 
search of navigational graphs is implemented. 
Further on, merged navigation graphs will be 
used instead of intersecting ones. Let 𝑃𝑃𝑖𝑖  and 𝑃𝑃𝑔𝑔 
be identified with some vertices 𝑉𝑉𝑖𝑖 and 𝑉𝑉𝑔𝑔, and 
the corresponding trajectory (path) will 
correspond to some path in the graph. Then, 
points of intersection with graph edges are 
searched, and the resulting list of points is 
divided into several parts. Each part of the list 
has its own set of points for a certain navigation 
graph: 
𝑃𝑃с = {𝑃𝑃𝑖𝑖 ,𝐷𝐷𝐷𝐷(𝑃𝑃𝑖𝑖 ,𝑃𝑃𝑠𝑠) < 𝐷𝐷𝐷𝐷(𝑃𝑃𝑖𝑖+1,𝑃𝑃𝑠𝑠), 𝑖𝑖 ∈ 1 …𝑛𝑛 − 1}, (6) 

where 𝐷𝐷𝐷𝐷(𝑃𝑃𝑖𝑖 ,𝑃𝑃𝑠𝑠) is the distance from point 𝑃𝑃і to 
point 𝑃𝑃𝑠𝑠, and n is the number of intersection 
points. So, in each part of obtained new list of 
intersection points, a search for trajectory 
(path) is implemented. The parts themselves 
are connected by straight segments. 
During the search for a path in the navigation 
graph, there can be two cases: 
1. If there is only one intersection point (𝑃𝑃с)  

path only touches the navigation graph, 
then no additional path search is required. 

2. If there are two intersection points, a path 
search between two intersection points of 
the navigation graph is performed by the 
criterion of minimum total length of edges. 
In this case, property pрpos of edge 
passability is considered. 

As a result, the resulting paths are merged into 
one final path. Each found graph path is 
connected in turn, i.e., connecting extreme 
points with a straight line. At the time of path 
search, dynamic objects do not differ from 
static ones. However, there is one difference in 
calculating navigation graphs of dynamic 
objects (expression 5). Since, in this study, it is 
considered that capturing RM changes its state 
(position/rotation) due to what collisions may 
occur at the moment of collision with dynamic 
objects, then: 
1. Restart the search procedure and consider 

the new state of all dynamic objects; 
however, at the same time, new states of 
dynamic objects may affect the navigation 
graph of static objects, and some edges may 
become impassable PрIpos. So, such edges 
temporarily do not participate in 
pathfinding until the dynamic object 
moves. 

2. The situation when navigation graphs of 
objects intersect, i.e., the intersection of 
one edge dynamic object by another, may 
lead to the wrong pathfinding solution. 
Then, the solution is a union of two graphs 
of these objects so that all edges are 
passable (Fig. 4). 

3. Combining results in an adequate path with 
reduced algorithmic complexity. 

 

               (a)                                 (b)  
Fig. 4 Examples of Dynamic Objects 

Navigation Graphs (a) Before Merging and (b) 
After Merging. 

Nevertheless, this study places the greatest 
emphasis on empirical research because it is 
not always possible to formalize cases where the 
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perspective of the object under study is 
uncertain. 
2.3. Generalized Robotic Model 
The developed simplified kinematic diagram of 
RM is shown in Fig. 5. A simplified kinematic 
scheme is proposed because such 
representation displays key information for this 
work, i.e., the rotational motion of each link. It 
is quite native these since it contains fewer 
structural elements. 

 

Fig. 5 Simplified Kinematic Diagram of RM. 
The robot consists of the following parts: base, 
body, shoulder, elbow and forearm, and gripper 
(claw). The body moves by angle ɸ1; the 
shoulder moves by angle ɸ2; the forearm moves 
by angle ɸ3; the wrist moves by angle ɸ4; claws 
move by angle ɸ5. It is important to note that 
the time for planning a rational trajectory of 
movement RM depends on the presence of 
obstacles, the number of coordinates, and the 
angular orientation of the robot links. 
3. RESULTS AND DISCUSSION 
3.1.Project Proposals 
To begin, the project of finding optimal paths in 
nine steps is described. 
Step 1:Data input – loading workspace map 

including points Ps and Pg between 
which is needed to find the optimal 
path. 

Step 2:Identification of objects on the path. 
Here images of obstacles on a map will 
be represented as "bypass frames" of 
objects, i.e., they are rectangles of 
arbitrary size to simplify their 
association. 

Step 3: Determination of "bypass frame" 
points. Each rectangle focuses on two 
points (Рmax and Рmin), maximum and 
minimum points with respect to the 
origin. Therefore, after combining 
objects, if objects are encountered 
while moving along the trajectory, it is 
sufficient to find new maximum and 
minimum points with respect to the 
origin of coordinates. 

Step 4: Grouping of objects (merging) is 
needed to make it easier to bypass 
objects (example in Fig. 4).  

Step 5: Check the entire path for obstacles. If 
there are any, go to Step 2 to determine 
the new Рmax and Рmin. If not, go to Step 
6. 

Step 6: Construction of a navigation graph 
(described in detail in 3). 

Step 7: Search for intersection points with 
obstacles (grouped) on the path 
between points Ps and Pg. Sort 
intersection points Pс by distance 
from Ps, i.e., path’s starting point. 

Step 8: Determination of optimal path for 
avoiding obstacles. The obstacle 
avoidance using graphs is computed 
through the minimum sum of all 
edges. Since, in this study, obstacles 
will always be in the form of 
rectangles, there will be two types of 
traversal options: if intersection 
points are on adjacent sides, 
calculating two additional points to 
traverse is required; if intersection 
points are on opposite sides, 
calculating one additional point to 
traverse is required. 

Step 9: Determine the entire path of travel. As 
a result, resulting path segments with 
and without obstacles are combined 
into one final path. 

The algorithm for solving the problem of 
finding the optimal path in 3-dimensional 
space is shown in Fig. 6. 

 

Fig. 6 Algorithm for Solving the Problem of 
Finding the Optimal Path. 
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Subsequently, the proposed algorithm was 
implemented in the Visual Studio environment. 
3.2.Software Implementation and 
Experimental Research 
The software was developed in a Visual Studio 
environment. C# was used as the language. The 
chosen platform is .NET Core, free and open 
source; it provides cross-platform. Open 
Toolkit library was also used since it provides 
several service libraries and allows using the 
latest versions of OpenGL, a graphics standard 
in the computer graphics field. A generalized 
block diagram of the program is shown in Fig. 
7. 

 

Fig. 7 Generalized Algorithm of Program. 
First, create an object to playback space 
DMSWindow, characterized by: window size, 
name of window, frame refresh rate, and 
refresh rate of states. Next, load a map of all 
objects represented as an array of coordinates 
in the static class Maps.cs. Then, an instance of 
NGAlgorithm class was created in which a map 
of objects is passed. NGAlgorithm represents an 
algorithm for the graph method. To start the 
algorithm of finding the optimal path: call 
GetRoute methods that need to pass the initial 
and final coordinates of the path. The output is 
an array of points representing the optimal path 
for an object in a given space. Transfer results, 
i.e., found path and object map, to graphical 
module Drawing, an instance of DMSWindow 
class. Launch the graphical module Drawing 
and draw objects. Each time a state update is 
launched, the object is moved (Figs. 8 - 10 ( a, 
b, and c)). 

 

(a)                                     (b) 

 

(c) 
Fig. 8 Program Window (Experiment 1). 

 

(a)                                     (b) 

 

(c) 
Fig. 9 Program Window (Experiment 2). 

 

(a)                                 (b) 

 

(c) 
Fig. 10 Program Window (Experiment 3). 

For the experiment, a different number of 
obstacles were selected, which were combined 
into groups of initial data in Table 2. The route 
timing is shown in Fig. 11, and there were three 
test runs in each experiment. 
 

Running algorithm for finding optimal path 
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Creating and configuring object 

Loading object map 

Creating NGAlgorithm class and initializing 
object map 

Transferring results to graphics module 

Launching graphics module 
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Table 2 Experimental Data. 
Experiment 
No. 

Number of 
objects on 
the 
workspace 
map 

Number 
of 
obstacles 
groups 

Constructed 
route 
(number of 
coordinates) 

Experiment 1 
(Fig. 8) 14 2 8 

Experiment 2 
(Fig. 9) 28 2 6 

Experiment 3 
(Fig. 10) 28 3 12 

 

Fig. 11 Time to Build Path in Milliseconds. 
Thus, it took tens of milliseconds to find a path 
that allowed using an intelligent decision-
making system in real-time and recalculating 
the path for each collision with dynamic objects 
in space. The trajectory of robot movement is 
determined not only by the number and shape 
of obstacles, which are then grouped, but also 
by the number of coordinates, with their 
increase, and the range of angular orientation 
of robot links (rotation angles). Then, studies of 
travel time dependence at different angles of 
link rotation were conducted. These studies are 
shown in Table 3. 
Table 3 Experimental Data. 

E
xp

er
im

en
t 

N
o.

 

N
u

m
be

r 
of

 
co

or
d

in
at

e
 

T
im

e 
tr

av
el

 t
im

e,
 

se
co

n
d

s 

R
an

ge
 o

f 
li

n
k 

an
gl

es
 

     ɸ1                  ɸ2               ɸ3                ɸ4                ɸ5 
Experiment 

1 (Fig. 8) 
8 47  30 о -60о 10 о -40о 20 о -45о 45 о -90о 0 о - 45о 

Experiment 
2 (Fig. 9) 

6 30  0 о - 30о 10 о -40о 10 о -30о 0 о - 30о 0 о - 45о 

Experiment 
3 (Fig. 10) 

12 55  30 о - 60о 10 о -100о 20 о -80о 20 о - 90о 0 о - 45о 

After analyzing and evaluating obtained data, it 
can be said that the rotation angle of each robot 
link directly affected the travel time in different 
conditions. 
4.CONCLUSIONS 
This paper deals with procedure development 
to move a robot manipulator. A review of 
literary sources and relevant tools has been 
carried out, outlining the main ways of solving 
the problem. As a result, the mathematical 
formalization of the procedure for finding an 
optimal path to move the robot arm has been 
proposed. An algorithm for such path search 
based on a modified method of navigation 
graphs was implemented to realize more 
natural movement. Based on such an 
algorithm, different experiments were 
conducted, which evaluated the proposed 

solutions’ feasibility to understand the 
applicability of such an approach in real 
conditions. In three experiments, different 
numbers of obstacles were selected, i.e., 14 and 
28, which subsequently were combined into 
groups. In the course of determining the 
movement rational (without collision with an 
obstacle) trajectory, the proposed software built 
routes with different numbers of coordinates. It 
was found that more coordinates and smoother 
movement, but more time were required to 
build the route, although time variation was 
insignificant. Experiments were conducted to 
evaluate the effectiveness of developed software 
for planning the trajectory of the robotic arm in 
conditions with different numbers of obstacles 
in the robot’s path, which proves that dividing 
obstacles into groups allowed for simplifying 
the trajectory planning task and finding a 
rational route for the robot that minimized 
movement time. In addition, the proposed 
software is flexible because with equal initial 
data (28 objects in working space), conditions 
and still finding the shortest path can be 
adapted. The robot links coordinate number 
and angular orientation dependence was also 
investigated. It was shown that with a different 
grouping of obstacles and their placement, 
fewer coordinates, and smaller angles of link 
rotation, faster robot travels in a given path 
were achieved. These results can be useful for 
optimizing the robot manipulator's 
performance in various conditions where the 
movement speed is a critical factor. The main 
condition for applying the proposed software 
for planning the trajectory of the manipulator 
robot depends on its specific implementation 
and the capabilities of the robot for which it is 
designed. The software can be used to plan 
manipulator robot movement trajectories in 
various applications, including manufacturing, 
medical, construction, and more. Limitations 
may depend on the complexity of the trajectory 
planning task, the number and shape of 
obstacles and their density, the robot 
characteristics,  and so forth. A software model 
was developed in a Visual Studio environment. 
The language used was C# and .NET Core 
platform. During testing, it was concluded that 
the proposed solution is effective and fast and 
works in real-time. This solution can be used in 
intelligent decision-making systems for robotic 
systems. The next stage of such work is to create 
a specialized control system for RM. 
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