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Preface

The first conference on Asian Mechanism and Machine Science, in short Asian MMS,
started in Taipei in 2010 as an initiative of IFToMM, the International Federation for
the Promotion of Mechanism and Machine Science (MMS), as a specific forum for
Asiatic communities to promote better relations and disseminations of MMS activities
in Asia. Then, following events were held successfully in Tokyo in 2012, in Tianjin in
2014, in Guangzhou in 2016, in Bengaluru in 2018, and in Hanoi in 2021 in mixed
teleconference and presential modes because of the COVID-19 pandemic. This year, the
AsianMMS is organized in Kazakhstan by a very active IFToMMmember organization.
Once again, the conference has attracted a large number of researchers coming mainly
but not only from Asia in a wide range of topics, within the spirit of collaboration
of the IFToMM mission. This seventh event of Asian MMS is organized in Almaty
during 28–30 August 2024 with a program for paper presentations thanks to the great
effort of local organizers from U. Joldasbekov Institute of Mechanics and Engineering.
The Asian MMS, although primarily intended for Asian countries, serves as a global
platform for participants to exchange ideas and present their research work in the several
fields of MMS in order to exchange and share new and innovative ideas. The papers in
this proceedings volume were accepted after a peer review process and then they are
presented in sessions of the conference which covers different topics on History and
Education in MMS, Mechanism Design and Theory, Computational Methods, Machine
and Robot Design, Gearing and Transmissions, Actuators and Sensors, Dynamics and
Control of Multibody Systems, Vibration Techniques, Reliability, Biomechanics, Micro
and Nano Systems, Experimental Methods in Mechanics, and Space Engineering and
Technology .We have received 78 papers, of which 58 full papers were accepted after the
review for presenting and being included in this proceedings volume together with four
keynote contributions. The majority of the papers are from Kazakhstan, but submissions
came also from other IFToMMcommunities such as China-Beijing, China-Taipei, India,
Japan, Russia, Turkey, and even with collaboration from non-Asiatic countries. We
express our grateful thanks to the members of International Scientific Committee for
Asian MMS, for the support and promoting activities, namely Marco Ceccarelli (Italy)
(Chair), Gondi Kondaiah Ananthasuresh (India), Yusuke Sugahara (Japan), Weizhong
Guo (China-Beijing), Yu-Hsun Chen (China-Taipei), Khang Nguyen Van (Vietnam),
Erkin Gezgin (Turkey), Jomartov Assylbek (Kazakhstan). We would like to express
our sincere gratitude to the reviewers, who contributed to the review process with their
experience and expertise in due time with a speedy but rigorous review process. The
authors of the papers are also acknowledged for having finalized the papers submission
after careful revision according to the review comments. We believe that the published
papers can be of interest and stimulus for readers for their future activity also with the
aim to contribute with their results to the next events of theAsianMMS.Wewould like to
thank all the team members of the organizing committee at the U. Joldasbekov Institute
of Mechanics and Engineering in Almaty, who helped with the conference organization
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and preparation of these proceedings. We would like to send our also appreciation to the
Springer-Nature team for their support and patience in publishing this book in time for
Asian MMS conference.

Amandyk Tuleshov
Marco Ceccarelli



Organization

Program Committee Chairs

Ceccarelli, Marco University of Rome Tor Vergata, Dept of
Industrial Engineering, Roma, Italy

Tuleshov, Amandyk Joldasbekov Institute of Mechanics and
Engineering, Ministry of Science and Higher
Education of the Republic of Kazakhstan,
Almaty, Kazakhstan

Program Committee Members

Ibrayev, Sayat Joldasbekov Institute of Mechanics and
Engineering, Ministry of Science and Higher
Education of the Republic of Kazakhstan,
Almaty, Kazakhstan

Jomartov, Assylbek Joldasbekov Institute of Mechanics and
Engineering, Ministry of Science and Higher
Education of the Republic of Kazakhstan,
Almaty, Kazakhstan

Kuatova, Moldir Joldasbekov Institute of Mechanics and
Engineering, Ministry of Science and Higher
Education of the Republic of Kazakhstan,
Almaty, Kazakhstan

Russo, Matteo University of Rome Tor Vergata, Roma, Italia
Seidakhmet, Askar Joldasbekov Institute of Mechanics and

Engineering, Ministry of Science and Higher
Education of the Republic of Kazakhstan,
Almaty, Kazakhstan



Contents

A Study of Feasibility for a Testbed for Biomechanics Testing of Surgery
Rib Retraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

Marco Ceccarelli and Asif Hasan

Experimental Research of a Cable-Suspended Parallel Robot
with Point-Mass End-Effector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

Assylbek Jomartov, Amandyk Tuleshov, Aziz Kamal,
and Azizbek Abduraimov

Modular Design of LARMbot Humanoid . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
Marco Ceccarelli and Matteo Russo

An Experimental Characterization of Almaty Ankle Exoskeleton . . . . . . . . . . . . . 25
Zhetenbayev Nursultan, Sultan Aidos, Marco Ceccarelli,
and Gani Sergazin

Numerical Study of the Effect of Local Heat Flow
on the Thermal-Stress-Strain State of the Rod Variable Cross-Section . . . . . . . . . 34

A. K. Kudaykulov, A. A. Tashev, K. B. Begalieva, and M. T. Arshidinova

Determination of Spatial and Speed Parameters for a 4-DOF Balanced
Mechanism with a Remote Center of Rotation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

K. Shalyukhin, V. Glazunov, and A. Romanov

Design of an Adaptive Drive for Spacecraft Docking Mechanism . . . . . . . . . . . . . 52
Tulekenova Dana, Ivanov Konstantin, and Marco Ceccarelli

Estimation of the Time Efficiency of a Radio Direction Finder Operating
on the Basis of a Searchless Spectral Method of Dispersion-Correlation
Radio Direction Finding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62

Akezhan Sabibolda, Vitaliy Tsyporenko, Nurzhigit Smailov,
Valentyn Tsyporenko, and Askar Abdykadyrov

Towards Immersive Teleoperation: Dynamic Identification for Force
Feedback of a Wearable Exoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

Ruohan Wang, Guangwei Zhang, Guangyao Zhang, Honghao Lv,
Na Dong, Zhongwei Zhang, Yungang Hao, Haihui Yuan, Haiteng Wu,
and Geng Yang



x Contents

Experimental Research of an Anisotropic Gyroscopic Rotor
with Non-linear Elastic and Damping Characteristics of the Support . . . . . . . . . . 82

Azizbek Abduraimov, Zharilkassin Iskakov, Kuatbay Bissembayev,
and Nutpulla Jamalov

Numerical Study of the Influence of Ambient Temperature
on the Thermo-stress-Strain State of a Rod with a Curvilinear Core . . . . . . . . . . . 90

A. K. Kudaykulov, A. A. Tashev, K. B. Begalieva, M. T. Arshidinova,
and A. Merkibayeva

Forced Oscillations Investigation of Elastic Designs of Variable
Cross-Section with Heavy Base on Vibration Supports . . . . . . . . . . . . . . . . . . . . . . 99

K. Bissembayev, Zh. Iskakov, Z. Ualiyev, and A. Smanov

Research on the Process of Remotely Controlling an Ozonator
with the Help of IoT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Yernur Kerey, Aruna Myrzabay, Mukhit Abdullayev,
Lyazzat Zhanbayeva, Nuridin Junussov, and Rimma Abdykadyrkyzy

Bifurcation Structure of the Periodically Forced Relay System . . . . . . . . . . . . . . . 116
Zhanybai T. Zhusubaliyev, Ulanbek A. Sopuev, Dilmurat A. Tursunov,
and Dmitry A. Bushuev

Experimental Studies of Stress Changes in the Links of Lifting Mechanism
Under Various Operating Modes of a Self-Propelled Lift . . . . . . . . . . . . . . . . . . . . 125

Askar Seidakhmet, Amandyk Tuleshov, Assylbek Jomartov,
Nutpulla Jamalov, Aziz Kamal, Azizbek Abduraimov, Madi Kaliyev,
Nurgali Kumarbek, and Sayat Makhmet

Vehicle Wheel Fatigue Strength and Reliability Analysis with FEM . . . . . . . . . . . 133
Irina Demiyanushko and Evgeny Loginov

Computation and Experimental Validation of the Reachable Workspace
of a 6-6 Stewart Platform Manipulator . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141

Aditya Mahesh Kolte, Bibekananda Patra, S. Dhanush,
and Sandipan Bandyopadhyay

Design and Performance of a Motion Assisting Device for Elbow Joint . . . . . . . . 152
Bizhanov Dauren, Zhetenbayev Nursultan, Marco Ceccarelli,
Gani Balbayev, and Kassymbek Ozhikenov

A Method for Designing a Tripod-Based Robot with a Telescopic Rod
for Fruit Harvesting . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160

Larisa Rybak, Dmitry Malyshev, and Artem Voloshkin



Contents xi

Italian Robotics in 2024: Projects Supported by the National Recovery
and Resilience Plan . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

Giovanni Boschetti, Giuseppe Carbone, Marco Ceccarelli,
Alessandro Gasparetto, Lorenzo Scalera, and Renato Vidoni

Research of Residual Stresses in Polymer Parts Using the Combined
Bridge Curvature and Optical Scanning Method . . . . . . . . . . . . . . . . . . . . . . . . . . . 178

Abilezova Gazel, Isametova Madina, Tursynbayeva Arailym,
and Seiitkazy Nurgul

Design and Dynamic Model of a Mobile Robot with a Parallel Mechanism
for Harvesting Fruits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 190

Larisa Rybak, Andrey Khurtasenko, Kirill Chuev, Artem Voloshkin,
and Vladislav Cherkasov

Experimental Characterization of a Tripod-Based Design for a LARMbot
Humanoid Arm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201

Earnest Ofonaike, Marco Ceccarelli, and Matteo Russo

Two Novel Formulations for the Optimum Design of Rack-and-Pinion
Steering Mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 209

Gökhan Kiper

Language of Kinematics as Analytical Tool for Junior TMM Students . . . . . . . . . 217
E. Krylov, S. Devyaterikov, and A. Nazarov

Models of Instantaneous Strength and Failure Time of Rheonomic Materials . . . 226
Alibay Iskakbayev, Bagdat Teltayev, Yerbol Aitbayev,
and Azamat Zhaisanbayev

Preconditions for Creation of a Portable Hammer with a Crank-Rocker
Circuit with the Largest Inter-support Distance and Singular Position
of the Links . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235

E. S. Abdraimov, B. B. Bakirov, A. A. Karimov, A. A. Koshbaev,
and J. D. Noruzbaev

Development of a Remotely Operated Underwater Unmanned Vehicle
for Educational Purposes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 242

Yermukhamed Kalmenov and Yerkebulan Tuleshov

Mathematical Model of the Rotational Motion of a Sounding Rocket
with Aerodynamic Rudders . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 248

Meirbek Moldabekov, Anargul Boranbayeva, Yenglik Mellatova,
and Damir Kenges



xii Contents

Deep Surrogate Network Enhancement of Non-dominated Sorting Genetic
Algorithms for Improved Multi-objective Optimization . . . . . . . . . . . . . . . . . . . . . 256

Sayat Ibarayev, Batyrkhan Omarov, Bekzat Amanov, Arman Ibrayeva,
and Zeinel Momynkulov

Design and Control System of a Fully Actuated UAV for Mines Monitoring . . . . 267
Tuleshov Amandyk, Gritsenko Igor, Gritsenko Pavel, and Kuatova Moldir

Analysis of the Structure of a Sample Developed from a Composite
Material on a 3D Printer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 280

Tuleshov Yerkebulan, Bazarbay Bauyrzhan, Isametova Madina,
Tolebayev Nurzhan, Ualiyev Merey, and Tolkyn Shuak

Review and Analysis of Methods for Creating Sensitive Elements
of Measuring Transducers Based on Optoelectronic and Nanostructures
Intended for Measuring Heterogeneous Physical Quantities . . . . . . . . . . . . . . . . . . 286

Mihailov Petr, Tuleshov Yerkebulan, Ualiyev Zhomart,
Kabdoldina Assem, Ualiyev Merey, Tolkyn Shuak,
and Aldabergen Bektilevov

Digital Modelling of Trailer Truck Mounted Attenuator and Its Reliability
Evaluation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

I. V. Demiyanushko, A. G. Lokit, P. S. Mikheev, and O. V. Titov

Vision Based Serial Manipulator Kinematics Identification . . . . . . . . . . . . . . . . . . 307
Gritsenko Igor, Tuleshov Amandyk, Gritsenko Pavel,
and Askar Seydakhmet

Investigation of the Kinetostatics and Stress-Strain State of the Links
of the im Exoskeleton of the Lower Limb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 315

Sayat Ibrayev, Nurbibi Imanbayeva, Ayaulym Rakhmatulina,
Aizhan Sakenova, and Arman Ibrayeva

Kinematic Analysis of Human Walking in a Rehabilitation Exoskeleton
Supported on One Leg . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 324

A. S. Yatsun, S. F. Jatsun, and A. S. Pechurin

Efficient Motion Planning for Hybrid Locomotion of Wheeled-Legged
Planetary Rovers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 331

Bike Zhu, Jun He, Kaiyuan Ma, Zeyang Zhong, and Feng Gao

Inertia Parameters Identification in the Process of Capturing
Non-cooperative Target Using a 7-DOF Manipulator . . . . . . . . . . . . . . . . . . . . . . . 342

Zhicheng Yuan, Jun He, Kai Wu, Da Huang, and Feng Gao



Contents xiii

Design and Kinematics Analysis of a Novel Quadruped Climbing Robot
with Gripper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 351

Xianxing Shen, Jun He, Nicholas Kai Xun Lee, Da Huang, Kai Wu,
and Feng Gao

Hydraulic Calculation and Structural Design of the Single-Stage
Centrifugal Pump Impeller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 361

Momysh Nazerke, Amanzholov Tannur, Jaichibekov Nurbulat,
Aliuly Abdurashid, Seitov Abzal, Bazarlinov Zhasulan,
and Kaltayev Aidarkhan

Fiber-Optic Temperature Sensors forMonitoring the Influence of the Space
Environment on Nanosatellites: A Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 371

Beibarys Sekenov, Nurzhigit Smailov, Yerlan Tashtay, Aziskhan Amir,
Ainur Kuttybayeva, and Akmaral Tolemanova

Hydrodynamic Modelling and Analysis of Single-Stage Single-Suction
Centrifugal Pump . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 381

Abdurashid Aliuly, Abzal Seitov, and Aidarkhan Kaltayev

Analysis on Attitude and Motion of Deployable Antenna Node
with Superelastic Hinge Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 390

Duanling Li, Zihao Che, Bo Wu, and Xiao Su

3D Modeling Manipulator Movement and Direct Positional Kinematic
Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 398

Muratulla Utenov, Dauren Baltabay, and Zhadyra Zhumasheva

Definition and Visualization of Distributed Dynamic Loads of Manipulators . . . 405
Muratulla Utenov, Nurzhan Utenov, Yerbol Temirbekov,
Saltanat Zhilkibayeva, Zhadyra Zhumasheva, Bolat Yespayev,
and Dauren Baltabay

Construction of the Stability Region of the Rocket Angular Stabilization
System by the Coefficient Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 414

M. M. Moldabekov, Y. Y. Orazaly, and A. Y. Aden

Analysis of Dynamics and Synthesis of Parameters of the Rocket’s Roll
Angular Stabilization System by Transfer Function Coefficients . . . . . . . . . . . . . . 422

Meirbek Moldabekov, Yenglik Mellatova, and Damir Kenges

Infrared Laser Irradiation for Pre-sowing Seed Treatment: Advancing
Germination and Crop Productivity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 430

Orken Mamyrbayev, Assel Aitkazina, Dina Oralbekova,
Salauat Daulbayev, and Nurdaulet Zhumazhan



xiv Contents

Construction of the Region with the Given Control Quality Indicators
of the Rocket Angular Stabilization System by the Coefficient Method . . . . . . . . 437

M. M. Moldabekov, A. Y. Aden, and Y. Y. Orazaly

Determining the Reaction of Ankle Joint Muscle System Using
an Exoskeleton . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 445

Jamil Safarov, Egor Tistsov, and Sergey Jatsun

Kinematic Modeling and Analysis of a Hybrid Seven-Bar Linkage
Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 454

Amandyk Tuleshov, Recep Halicioglu, Moldir Kuatova,
and Aidana Abekova

Simulation and Analysis of Stability of Large Vane Transport Vehicle
Based on Aerodynamic Characteristics of Wind Turbine Blades . . . . . . . . . . . . . . 463

Shuangji Yao, Xin Zhang, and Marco Ceccarelli

Advanced Methods for Enhancing the Intelligent Control System
of a Six-Wheeled Robotic Platform . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 474

Amandyk Tuleshov, Daniyar Kerimkulov, Marco Ceccarelli,
Serikbolsyn Sydykanov, Kanapiya Magzhan,
and Zhumagali Tlepbergenov

Microservice Architecture of the TOFI Technology . . . . . . . . . . . . . . . . . . . . . . . . . 484
Mars B. Gabbassov, Tolybay D. Kuanov, Kazybek Seidahmetov,
Kanat A. Symbayev, and Azhar S. Turash

Experimental Study of a Crank Press Based on a Stephenson II Six-Bar
Linkage Mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 493

Moldir Kuatova, Assylbek Jomartov, Bakhyt Merkibayeva,
and Yerkebulan Tuleshov

Author Index . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 501



Definition and Visualization of Distributed
Dynamic Loads of Manipulators

Muratulla Utenov1 , Nurzhan Utenov1, Yerbol Temirbekov1(B) ,
Saltanat Zhilkibayeva2 , Zhadyra Zhumasheva1 , Bolat Yespayev1,

and Dauren Baltabay3

1 Al-Farabi Kazakh National University, 050010 Almaty, Kazakhstan
umu53@mail.ru

2 M.Auezov South Kazakhstan University, 160000 Shymkent, Kazakhstan
saltanat.zhilkibaeva@auezov.edu.kz

3 L.N.Gumilyov, Eurasian National University, 010008 Astana, Kazakhstan

Abstract. In this paper, an approach to 3D modeling of spatial manipulators
using the Maple 2023 is proposed. Algorithms and program codes have been
developed in order to obtain 3D computer models of manipulators controlled by
generalized coordinates. Implementation of developed algorithms and program
codes made it possible to create 3D computer models of manipulators with the
accurate images of links and their cross sections, kinematic pairs, grips and loads,
with various structures and degrees of freedom and which are clearly visible in
three-dimensional space.

When manipulators move, from own masses of links the distributed dynamic
loads of a complex nature arise in the links. Such dynamic loads cause the prob-
lems: for example, due to large dynamic loads or due to large deformation of
the links, the manipulator may fail, etc. Therefore, analytical approaches have
been developed to determine the patterns of dynamic loads distribution along the
longitudinal axes of manipulator links. Algorithms and program codes have been
developed for constructing diagrams of distributed dynamic loads in mutually per-
pendicular planes formed by the main axes of the cross sections of the links and
the axes passing along the links. Through this it is possible to see changes in the
direction and magnitude of distributed dynamic loads in all cross sections of the
links for the full working process of the manipulator. This enables to consider the
found dynamic loads in strength and stiffness calculations of manipulator links,
which are important in design of new innovative manipulators.

Keywords: Manipulators · Computer 3D Modeling · Maple 2023 · Kinematics ·
Dynamic Loads · Dynamic Loads Diagrams

1 Introduction

In recent years, 3D computer modeling of robotic systems has been widely used for
research and educational purposes, since it is one of the most promising and effective
areas of research on spatial manipulators.With the increasing complexity of the designed
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robotic manipulators, their analytical study becomes more difficult, and the creation
of experimental samples becomes more expensive. 3D computer modeling of robotic
manipulators is often the most appropriate research method, or even in some cases may
be the only available method.

Currently, there are CAD, CAM and CAE systems capable of creating 3Dmodels of
spatialmanipulators, such as SimMechanics, Autodesk Inventor, SolidWorks, CadMech,
Adams and others.

A robotic OLP system called RobSim, based on SolidWorksMicrosoft Visual Studio
2010 was developed [1]. RobSim is designed as an additional tool for the widely used
SolidWorks CAD software. Integrating of SolidWorks and Matlab/Simulink in the Mat-
lab/Simulink, performed through the implementation of CAD models created earlier in
the SolidWorks program was described [2]. A computer model of a three-bar vertically
walking robot in the Matlab was developed, which shows in general terms the principle
of operation of such robots [3]. The simulation of the motion of a vertically walking
robot was carried out using the SimMechanics library of Simulink in the Matlab.

SolidWorks is a CAD software system with great performance in 3D modeling,
visualization and simulation with a rich API containing hundreds of functions. Unfor-
tunately, there are no existing add-ons or toolkits in SolidWorks to control the created
3Dmodels of robotic manipulators. The strength of parallel manipulators with statically
determinate and indeterminate structures was investigated, taking into account dynamic
loads [4–6].

One difficulty of analyzing the stress-strain state of manipulator links is due to the
fact that the manipulator under study is in motion and at the same time distributed
dynamic loads of a complex nature arise from the mass of the links in each cross section
of the links. These dynamic loads change their magnitude, direction and depend on
the kinematic characteristics of the links. Since the manipulator is moving, it is not
known in which cross section of the link and at which position of the manipulator the
maximum value of any internal force or deformation occurs. Therefore, it is necessary
to study the stress-strain state of the manipulator for a full working cycle. It is also
necessary to visualize the stress-strain state of all links during the full operating cycle of
the manipulator so that all types of dynamic loads, internal forces and deformations are
clearly visible in all cross sections of the links. This permits the designer to analyze the
stress-strain state of each link and make the right decision when calculating the strength
and stiffness of manipulator links.

1.1 Algorithm for 3D Modeling of Manipulators in the Maple’23

TheMaple 2023 software includes three–dimensional primitives of the plottools package
allowing design engineers to build three-dimensional shapes and surfaces – cones, cylin-
ders, parallelepipeds, cubes, polyhedra, etc.With the help of these primitives, links, racks,
grips and kinematic pairs ofmanipulators are built. The obtained three-dimensional parts
in the Maple 2023 can be moved in the direction of three axes of space and rotated along
these three axes. Using the obtained links, kinematic pairs, grips, racks a 3Dmodel of the
manipulator can be assembled. Further, all the elements of themanipulator are combined
into one system by introducing basic joints (kinematic pairs) from the grip to the rack,
with the construction of a complete visual moving model of a manipulator controlled by
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generalized coordinates. In the Maple 2023, it is possible to join links rigidly or allow-
ing relative motion to each other. Therefore, the designer can build manipulators of the
necessary structure and degree of freedom. Using the mentioned algorithms, program
codes for building 3D models of manipulators, the movement of which is controlled by
generalized coordinates, have been developed in the Maple 2023. The implementation
of the developed algorithms and program codes made it possible to create 3D computer
models of manipulators with clear images of links and their cross sections, kinematic
pairs, grips and loads, with various structures and degrees of freedom, well-viewed from
all sides of the space (see Fig. 1, 2). Using this algorithm, the designer can build 3D
computer models of manipulators with any desired structure and with different degrees
of freedom.

By setting certain patterns to the generalized coordinates of the obtained manipula-
tors, their movement in space can be seen.

Fig. 1. A six-bar manipulator with five degrees of freedom (RRRRT), with four rotational and
one translational kinematic pairs.

Kinematic Characteristics of Manipulator
In this paper, the Denavit-Hartenberg convention is used to determine the position

and directions of the manipulator links in space, which first used homogeneous 4×4
transformation matrices to describe the spatial geometry of the manipulator.
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Fig. 2. A seven-bar spatial manipulator with six degrees of freedom (RRRRRR) and with six
rotational kinematic pairs.

The vectors of angular velocities, angular accelerations and linear velocities, linear
accelerations of the points of themanipulator links are determined relative to theDenavit-
Hartenberg coordinate systems associated with the links using the recurrent Newton-
Euler equations. The components of these vectors make it possible to determine all
types of dynamic loads and establish patterns of their distribution.

Dynamic loads arising from the mass of the links during the motion of the
manipulator

In this paper, it is assumed that the cross section of the links is constant and the mass
is distributed along the axis of the link, from this condition the patterns of distribution
of dynamic loads along the axis of the link are determined.

With a constant cross-section of themanipulator links, the intensity of the distribution
of gravity forces relative to the base coordinate system in any cross section of the i-th
link is determined by the following vector (unit of measurement

(N
m

) :
−→
fi = [

0, 0,−γisi
]T

, (1)

where γi − the specific weight of material of i-th link (N/m3);
si − the cross-sectional area of the i-th link(m2).
In the coordinate system Oi XiY iZ i, rigidly connected with the i-th link, the inten-

sity of the laws of gravity distribution is determined by the following vector along the
coordinate axes:

−→
Ri
0fi = Ri

0 ∗ −→
fi , (2)
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where Ri
0 – the matrix that defines the directions of the axes of the coordinate system

O0 X0Y0Z0 relative to the coordinate system OiXiY iZ i.

While the manipulator moves at points
−→
P

i

i = [ xi yi zi ]T , rigidly connected to a link
in the coordinate systemOiXiYiZi, linear accelerations appear relative to this coordinate
system, which can be determined using the following equation:

−−−→
Ri
0api = Ri

0∗−→a i +
(
Ri
0 ∗ −→ω i

)
×

[(
Ri
0 ∗ −→ω i

)
×

(
Ri
0 ∗ −→

P
i
i

)]
+

((
Ri
0 ∗ −→

ε i

)
×

(
Ri
0 ∗ −→

P
i
i

))
.

(3)

From the accelerations of points located on the axis of the link, inertial forces arise,
distributed along the axes of the manipulator links. If we assume that the cross sections
of the link are constant, then the mass of the link per unit length (cross-sectional mass

or intensity of mass distribution along the axis of the link) is equal to γisi
g

(
H∗c2
M 2

)
. In

order to determine the intensity of inertia forces arising from linear accelerations at the
points of the coordinate system axes OiXiYiZi, rigidly connected with i-th link, a mass
intensity inertia matrix will be constructed, which will look like this:

mi =
⎛

⎜
⎝

γisi
g 0 0

0 γisi
g 0

0 0 γisi
g

⎞

⎟
⎠ (4)

Then the intensity of the inertia forces in the cross sections of the i-link is determined
by the following expression (unit of measurement

(N
m

)
):

−→q i = −mi ∗
−−−→
Ri
0api (5)

The vector of distribution of the intensity of dynamic loads arising from the intensity
of the distribution of dead weight of the cross sections of the links and from the intensity
of the distribution of inertia forces arising from linear accelerations of the cross sections
is determined by the following equation:

−→
F i = −→

Ri
0fi + −→q i (6)

In order to determine the intensity of the distribution of moments of inertia arising
from angular velocities and accelerations, the intensity of the axial moments of inertia
in the cross sections of the link will be found. Fig. 3 shows an image of the cross-section
of the link, as if the quadrilateral were a thin plate.

If the axes Xi, Yi, Zi of the cross sections of the i-th link are directed in this way in
the cross section, then the moments of axial inertia relative to the axes are determined
by the following expressions (unit of measurement N * s2):

Ixi = γisic2i
12g

, Iyi = γisih2i
12g

, Izi = γisi(c2i + h2i )

12g
(7)

where hi, ci - the lengths of the sides of the cross section of the i-th link,
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Fig. 3. The image of the cross section of the link, as if the quadrilateral were a thin plate.

si = hi * ci- the cross-sectional area of the i-th link.
The intensity matrix of the moments of inertia of the cross section of the i-th link:

Ii =
⎛

⎝
Ixi 0 0
0 Iyi 0
0 0 Izi

⎞

⎠ (8)

The intensities of the moments of inertia arising in the cross sections of the i-th link
are determined using the following ratio (unit of measurement N)

−→
Mi = −

(
Ii ∗

(
Ri
0 × −→

ε i

)
+

(
Ri
0 ∗ −→ω i

)
×

(
Ii ∗

(
Ri
0 ∗ −→ω i

)))
(9)

Using the above algorithms, program codes have been developed for constructing
visual diagrams of distributed dynamic loads on the links of the manipulator.

Determination of dynamic loads occurring in the links of the RRRRT manipulator
and the construction of their visual diagrams

The laws of motion of the generalized coordinates of the manipulator are specified
as follows: θ1 = θ̇1 ∗ t, θ̇1 = π , θ̈1 = 0, the unit of time is the second, defined by the
relation t = i

k , где i = 0…36 – considered positions of the manipulator, k = 36 – total
number of positions; θ2 = θ̇2 ∗ t, θ̇2 = π , θ̈2 = 0; θ3 = −π

2 ∗θ̇3 ∗ t, θ̇3 = 2π
3 , θ̈3 = 0;

θ4 = θ̇4 ∗ t, θ̇4 = π , θ̈4 = 0; d5 = ḋ5 ∗ t, ḋ5 = 0.35, d̈5 = 0.
Cross-sectional areas of the manipulator links (unit of measurement m2): s1 =

0.012, s2 = 0.008, s3 = 0.008, s4 = 0.008, s5 = 0.0048.
Specific gravity of materials of manipulator links (units of measurement N

m3 ):γ1 =
γ2 = γ3 = γ4 = γ5 = 78 ∗ 103.

Dimensions of cross sections of manipulator links (units of measurement m): c1 =
0.12, h1 = 0.1; c2 = 0.1, h2 = 0.08; c3 = 0.1, h3 = 0.08; c4 = 0.1, h4 = 0.08;
c5 = 0.06, h5 = 0.04 :

The implementation of the developed algorithms and program codes made it pos-
sible to construct distribution diagrams of all dynamic loads in all links, in mutually
perpendicular planes formed by the main axes of the cross sections of the links and the
axes passing along the links of the manipulator. The results are shown in Fig. 4, 5, 6, 7.
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Fig. 4. The patterns of distribution of longitudinally distributed dynamic loads arising from the
own weight of the links of the RRRRT manipulator.

Fig. 5. The regularities of the distribution of transversely vertically distributed dynamic loads
arising from the own weight of the links of the RRRRT manipulator.
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Fig. 6. The diagrams of horizontally distributed dynamic loads arising from the own weight of
the links of the RRRRT manipulator.

Fig. 7. The diagrams of distributed dynamic moments arising from the own weight of the links
and rotation of the links around their axis links of the RRRRT manipulator.
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2 Conclusion

The algorithms and program codes have been developed and implemented in the pro-
posed work, with the help of which 3D computer models of manipulators are built in the
Maple 2023, controlled by generalized coordinates. This paper also develops analytical
approaches for determining patterns of distribution of dynamic loads along the longitu-
dinal axes of manipulator links. The algorithms and program codes have been developed
and visual diagrams of distributed dynamic loads on the manipulator links have been
constructed. Using the results obtained in the work, it is possible to analytically derive
and visualize the dynamic stress-strain state for one full cycle of the work process,
constructing diagrams of internal forces and displacements in the cross sections of the
manipulator links. The results obtained also allowing to select the optimal shapes of the
cross sections of the links and find their linear dimensions. The development of new
analytical methods for calculating the strength and stiffness of manipulators can be used
to create new innovative robotic manipulators that solve new scientific and industrial
problems.
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