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The industrial development of ci ties 
is the main cause of the destruction 
and degradation of natural resour
ces around the world. Urbanization 
negatively affects the species compo
sition of plants, the atmosphere and 
soil cover of areas of populated areas 
of large cities of the World. Tree plan
tations are the main mechanism for 
stabilizing the ecological situation in 
large cities and arid territories of the 
countries of the World.

In this regard, in order to obtain  
a large number of genetically identical 
plants using their micropropagation, 
it is necessary to automate the main 
stages of this technological process.

The result of the study is the crea
tion of an adaptive phalanx gripper 
of a robotic complex for automating 
the technological process of handling 
operations. That will have a positive 
effect on solving the urgent problem 
of planting greenery in large cities 
and areas of arid territories not only 
in the Republic of Kazakhstan, but 
also in other countries of the World 
and represents a fundamentally new 
approach to solving the environmen
tal problems of the Earth.

The article substantiates vari
ous options for structuralkinematic 
schemes of the robot gripper, taking 
into account the stochastic condi
tions of its interaction with the over
loaded object. Mathematical methods 
have been created for the selection 
and justification of the geometric, 
structuralkinematic and dynamic 
parameters of grippers for overload
ing plant microshoots and their com
puter 3D models. Software has been 
developed for modeling the function
ing of a remotely controlled physi
cal prototype of a mobile robot with 
an adaptive gripper for reloading 
microshoots from a transport tank to  
a cargo tank
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1. Introduction

To solve the urgent problem of improving the climate on 
Earth, a United Nations conference was held in Paris in De-
cember 2015, at which all countries of the world were recom-

mended to adopt their national programs to reduce green-
house gas emissions into the Earth’s atmosphere to improve 
the climate. As it is known, tree plantations are one of the 
ways to improve the ecological situation in the settlements of 
large cities and arid territories of the countries of the world.  
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In the last 15–20 years, there has been an active greening of 
urban areas of large cities and arid territories of the countries 
of the world. For example, only in the Republic of Kazakhstan, 
large-scale landscaping of territories is planned until 2025:  
planting 2 billion trees in forests and 15 million in large cities 
and arid areas of settlements.

It is known that micropropagation of plants has a number 
of advantages: high multiplication factor; healing; the abili-
ty to work all year round and plan the release of plants by  
a certain date; preservation of valuable genotypes; obtaining 
homogeneous clones. At present, in the Republic of Kazakh-
stan, the technological process of micropropagation of plants 
is carried out with the use of human manual labor. This 
circumstance makes it practically impossible to solve the 
problem of planting greenery in large cities and areas of arid 
territories of the Republic of Kazakhstan and other countries 
of the World in this way. The effect of microclonal propaga-
tion of plants on an industrial scale to solve the problem of 
planting greenery in large cities and areas of arid territories 
in the Republic of Kazakhstan and other countries of the 
World depends on the degree of automation of the transfer 
of plant microshoots from the transport tank in vitro to the 
working tank with soil.

2. Literature review and problem statement

Reducing the import of planting material is one of the 
main tasks of planting greenery in large cities and areas of arid 
territories in the Republic of Kazakhstan and other countries 
of the world. In this regard, the need for domestic high-quali-
ty planting material of woody plants has increased [1].

The effect of micropropagation on an industrial scale de-
pends on the ability of the robotic gripper to transfer plants 
from in vitro on a large scale at low cost and with high sur-
vival into the soil. Reloading operations of the technological 
process of plant microcloning at present in a number of coun-
tries of the World, including the Republic of Kazakhstan, are 
carried out manually or using robotic devices with a complex 
robot grip control system, which leads to a significant in-
crease in the cost of plant microcloning products.

In work [2], the process of gripping, orientation, and grip-
per errors was studied. Modular schemes for the execution 
of grippers are proposed. However, this work did not study 
the main methods of technical implementation of capturing 
elastic and brittle thin-walled objects on the model of a thin-
walled ring, which most accurately models the outer surface 
of plant microshoots. When capturing which, it is necessary 
to take into account the limitations on the gripping forces 
from the conditions for ensuring the necessary margins of 
strength and the smallness of elastic movements at the points 
of contact of the gripper with the plant microshoot.

In [3], it is proposed to divide the tongs, for unification, 
into functional and constructive parts, which makes it pos-
sible to synthesize various types of tongs based on standard 
mechanisms. However, the issues of power adaptation of the 
gripping mechanism are not considered there.

In [4], robots with electromechanical drives were stud-
ied. In almost all known robotic grippers, the same motor 
is used to move the working elements of the gripper and to 
generate the gripping force. In typical types of robot gripper, 
for the process of capturing an overloaded object and cre-
ating the necessary force for holding, one common engine 
is used. But at present, they are trying to separate these 

operations, and the engine is used for the gripping process, 
and the reloaded object is held by elastic gripping elements 
of the gripper jaws or magnets, which significantly reduces 
the reliability of gripping the reloaded object and the gripper 
positioning accuracy.

In the article [5], experimental studies of the performance 
of the phalanx grippers of the robot were carried out. The 
actuators of the phalanxes of the tongs are flat lever mecha-
nisms. This robotic system with a phalanx tong has been test-
ed for reloading agro-horticultural products. In this work, 
there are no studies of the parameters of the robot gripper, 
taking into account the stochastic conditions of its interac-
tion with an overloaded object, which significantly reduces 
the accuracy of estimating the gripper parameters.

In the article [5], to calculate the gripping force of the 
grip, such a power parameter of the grip as its grip index 
was substantiated. Based on it, the preliminary geometric 
parameters of the phalanx tong were specified, selected from 
the geometric conditions for ensuring the capture of an 
overloaded object, for example, a ripe tomato. However, this 
approach does not provide a reliable assessment of the value 
of this most important power parameter of the gripper to 
ensure the conditions for the necessary margins of gripping 
reliability and the insignificance of elastic movements at the 
contact points of the gripping jaws of the phalangeal gripper 
with the area of the outer surface of a ripe tomato.

In the article [6], the dependence of the gear ratio of the 
robot gripper drive on the gripping force of the gripper was 
studied. Various robot grip drives have been investigated. In 
the known devices of electromechanical drives of the robot 
gripper, a lever mechanism and a screw-nut mechanism are 
used as an actuator, which are connected to the electric motor 
through a gearbox and a coupling. The main requirement for 
the grip, when the electric motor is turned off, is the inadmissi-
bility of reverse motion. Therefore, various devices are used in 
the gripper drives to eliminate this process: blockers, brakes, 
ratchets, etc. The disadvantage of these devices is their low 
reliability, increased weight and size. Pneumatic grippers 
have low speed compared to electric drives, low accuracy and 
rigi dity of positioning of the reloaded object due to its large 
inertia and the presence of gear reducers and a compressor. 
The use of a gripper electric drive has its advantages: sim-
plicity of design and control, the possibility of creating uni-
fication and quick automatic replacement, and the absence of  
a high-pressure air supply. The advantage of using an electric 
drive in a gripper is its high accuracy and load capacity when 
working under conditions of high dynamic loads. Small-sized 
electric motors (DC, synchronous, asynchronous, collector) 
with power up to 1 kW, rated speed up to 3000 rpm and rated 
torques up to 10 Nm are widely used for the electric drive of 
the gripper. Small-sized DC electric motors, which are used to 
create high-speed control systems, have received wide appli-
cation in the gripper electric drive. The main disadvantage of 
these devices is the need to use complex control systems for 
the operation of the gripping mechanism.

Currently, robots use electric and hydraulic actuators 
with one degree of freedom. Such a drive provides an un-
ambiguous relationship between input and output motion. 
However, to overcome the variable resistance force, it is 
necessary to use a variable gear ratio between the input and 
output. The variable drive must include a controlled gear-
box. Such a drive contradicts the requirement to minimize 
the weight and dimensions of the robot modules. Existing 
electrical and hydraulic systems have a «hard» connection 
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between the movement of the input and output pistons. The 
output link moves at a constant speed. In machine drives, it is 
necessary to use mechanical and hydraulic mechanisms with 
a variable speed of the output piston corresponding to a vari-
able load. Various control systems are used for this purpose.

In [7], an adaptive scheme for controlling the output 
force is proposed for hydraulic cylinders using direct mea-
surement of the output force through strain gauges. Due to 
the large and somewhat uncertain piston friction force, the 
chamber pressure control cylinder with Coulomb-viscous 
friction prediction may not be sufficient to achieve precise 
control of the output force. In the proposed approach, the 
error in the output force as a result of direct measurement is 
used not only for feedback control, but also to update the pa-
rameters of the corresponding friction model, which includes 
the Coulomb-viscous friction force in the sliding motion 
and the output force depending on the frictional force in the 
sliding motion. Stability is guaranteed as pressure force error 
and output force error. Under the constraint of the required 
output force and its derivative, the asymptotic stability as 
an error, the pressure force and output errors are also caused 
to be guaranteed. Experimental results show that a good 
pressure force control system does not necessarily guarantee 
good output force control, and that adaptive friction com-
pensation is superior to friction compensation.

The article [8] developed gripping devices for reloadc-
ing objects, adapting to various shapes of the outer surface 
of objects to be manipulated. Another option for creating  
a tactile adaptation system using a tactile hydraulic control-
ler was proposed in [9].

With these well-known devices, adaptation to the shape 
of the surface of the reloaded object is ensured through the 
use of overhead drives with sensitive tactile elements of the 
gripping jaws. But such a system of adaptation to the surface 
of the object of manipulation has low reliability, efficiency 
and a complex system for controlling the tactile elements of 
the gripping jaws of the robot.

The article [10] carried out theoretical studies of the 
adaptive mechanism. The adaptive mechanism has two de-
grees of freedom, and performs power adaptation to a variable 
external load. The adaptive drive works without a gearbox 
and without a control system. Let’s consider it expedient to 
use an adaptive hydraulic mechanism to drive the robot grip-
per, which overcomes a variable technological load.

Articles [11–13] present studies of the scientifically 
based choice of geometric, structural-kinematic, strength and 
dynamic parameters of an innovative manipulator gripper for 
reloading fuel elements of nuclear power plants with a thin-
walled annular cross section. The adjustment of the kinematic 
and dynamic parameters of the prototype designs of the grip-
pers was carried out on the basis of the developed algorithms 
and computer calculation programs, as well as the use of  
a modern system of integrated technology for virtual modeling 
and engineering analysis of CAD/CAM/CAE/PDM systems.  
The development of software and mathematical software 
is implemented on computing devices compatible with In-
ventor, APM WinMashine systems. When experimentally 
determining the gripping force of the robot gripper prototype 
for reloading reloaded objects, errors were found in their eva-
luation by three identical force sensors installed at each end 
of the gripping jaws. These errors are due to the following 
factors: the lack of consideration of the stochastic conditions 
for the interaction of the gripper with the reloaded object, as 
well as the lack of an adaptive gripper drive.

The conducted literature review suggests that the arti-
cle proposes a solution to the extremely urgent problem of 
creating an innovative robot gripper with its adaptive drive 
for overloading a plant microshoot, taking into account the 
stochastic conditions of its interaction with a plant micro-
shoot. This makes it possible to increase the reliability of the 
gripper, simplify its design and its control system to automate 
the operations of reloading plant microshoots during their 
microcloning and significantly reduce their production cost 
to solve the global problem of landscaping the territories of 
settlements in the Republic of Kazakhstan and other coun-
tries of the World.

3. The aim and objectives of the study

The study is devoted to the creation of an innovative 
adaptive gripper of a robotic complex for automating the 
transshipment operations of plants during their microclonal 
propagation.

– selection and justification of the general concept of the 
robotic complex;

– selection and justification of the structural and kine-
matic parameters of the phalangeal gripper of the robot;

– determination of gripping forces taking into account 
the stochastic conditions of its interaction with an over-
loaded object;

– experimental studies of the robot phalangeal gripper 
prototype.

4. Materials and methods

The studies were carried out using the methods of the 
theory of elasticity and the theory of machines and mecha-
nisms, methods of mathematical modeling, the finite element 
method. All the main ways of gripping elastic and brittle 
thin-walled objects are studied on the model of a thin-walled 
ring, which most accurately models the outer surface of the 
object being reloaded. When capturing which, it is necessary 
to take into account the restrictions on the gripping forces 
from the conditions for ensuring the necessary margins of 
strength and the smallness of elastic movements at the points 
of contact of the structural elements of the gripper with the 
plant microshoot.

The design of the robot gripper structure was carried out 
using a 3D CAD model. The tong prototype was built using 
3D printing. The prototype phalangeal gripper was tested in 
several gripping operations on various objects, such as a tennis 
ball and a ripe tomato. To measure the magnitude of the grip-
ping force, various tests were carried out using three force sen-
sitive resistors (FSR). Each test consisted of three to ten main 
tasks on the selection and placement of an overloaded item. 
During the tests, each item was lifted from its original position 
and transported to a working container. Another test tested 
the reliability and stability of the grip of the reloaded object: 
the robot gripper grabbed a ripe tomato and moved it along  
a given route at a maximum speed (1.0 m/s) to check whe-
ther the gripped object is securely held by the robot gripper.

The system consists of three FSR sensors that are con-
nected to the Arduino Nano, and three resistances, the value 
of which is 10 kOhm. To measure the power consumed by the 
motor, the ACS 712 power module was connected in series to 
a power supply with a voltage value of 6 V.
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The results of experimental studies of the tested grippers 
on the magnitude of the gripping force and the amount of 
energy consumed, measured by FSR sensors, for example, for 
a tennis ball, unripe and ripe tomatoes, are presented. The 
results obtained represent the change in time of the grip force 
measured by each sensor and the power consumption value 
obtained by multiplying the measured current by the 6 V 
power supply. The time was taken from the Arduino Nano’s 
internal clock and measured in milliseconds.

Analytical and experimental studies have been carried out 
to improve the reliability of estimating the gripping force of a 
robot gripper during overload, for example, a tennis ball and a 
ripe tomato with the determination of the Kalman coefficient.

The adjustment of kinematic and dynamic parameters 
of prototypes of the grip design was carried out on the basis 
of the developed algorithms and computer calculation pro-
grams, and a modern system of integrated technology for 
virtual modeling and engineering analysis of CAD/CAM/
CAE/PDM systems was also used. The developed software 
and mathematical software are implemented on computing 
devices compatible with Inventor, APM WinMashine sys-
tems. The methodology of scientific research was based on 
mechanical models, which were studied with and without 
taking into account their elasticity. On the basis of modeling 
and testing, appropriate changes were made to the drawings 
of the design documentation for the models of the prototype 
gripper. On the basis of the adjusted design documentation, 
demonstration prototypes of innovative gripper designs were 
developed. For the created samples of grippers, applications 
for inventions for patents were submitted to the patent office 
of the Republic of Kazakhstan.

The software developed to control the adaptive gripper 
of a mobile robot is divided into two levels. The lower level 
includes control modules for individual mechanisms of the 
mobile robot, which are executed on the microcontroller of 
the system. The upper level represents a software module 
that is executed on the control computer and implements  
a set of functions for calculating the main parameters of con-
trol algorithms for electric drives of mobile robot and manipu-

lator moving platforms in real time, depending on the specified 
operating modes. The exchange of information between the 
programs of the lower and upper levels is carried out accord-
ing to a protocol based on the developed system of control 
commands. The format and the complete list of commands 
are multi-vector movement of the gripper with an overloaded 
object, holding it in the gripping position, releasing the object.

The lower-level modules are written in C++ in the Rasp-
berry development environment and are loaded into the mi-
crocontroller program memory using a programmer/debugger.  
The microcontroller generates all the main control signals for 
the actuators of the mobile robot, including DC motors for the 
drives of the wheeled chassis of the robot, the servo drive of the 
turntable and the actuators (linear drives) of the manipulator.

5. Research results of an innovative adaptive robot 
gripper for automating reloading operations of plant 

microshoots

5. 1. Selection and justification of the general concept 
of the robotic complex

Selection and substantiation of the general concept of 
a robotic complex of a manipulation device with a phalanx 
gripper for automating the transshipment operations of micro  
shoots from a transport container to a working container 
with soil during microclonal propagation of plants.

The technological process of plant microcloning consists 
of the steps shown in Fig. 1: in vitro introduction; animation 
of plant microshoots; rooting of plant micro shoots; adapta-
tion of plant micro shoots in the soil; obtaining seedlings of 
plants and mini plants of plants. At present, their implemen-
tation is carried out with the use of human manual labor, 
which makes it impossible to solve the urgent problem of 
planting greenery in settlements in many parts of the world. 
In this regard, a solution to this problem is proposed by creat-
ing a robotic complex of a manipulation device with a gripper 
for moving plant micro shoots from an in vitro transport 
container to a working container with soil.

Time Stage Photo
15 days Introduction to in vitro culture to

obtain the main shoot from the
axillary bud.

Introduction to in 
vitro culture

40 days Animation of micro shoots (10
plants in one jar). From one
microshoot, on average, 20
additional microshoots are formed.

Microshoot cartoon

50 days Rooting of microshoots (10 plants in 
one jar). One microshoot, on 
average, forms 10 roots.

Rooting micro shoots

30 days Adaptation of microshoots in the 
soil.

Adaptation of 
microshoots

90 days Obtaining seedlings 25-50 cm. Obtaining seedlings up 
to 50 cm

90 days Obtaining seedlings 50-150 cm. Seedlings up to 150 
cm

Total It takes 315 days to get seedlings up to 150 cm.

Stages of micropropagation of woody plants (silver poplar, Bolle poplar) for landscaping

 
Fig.	1.	The	main	stages	of	plant	microcloning
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Fig. 2 shows the conceptual image of an innovative robot-
ic complex of a manipulation device with a phalanx gripper 
for moving plant micro shoots from an in vitro transport 
container to a working container with soil at the stage of 
their adaptation in the soil during microclonal propagation.

 
Fig.	2.	Scheme	of	transshipment	of	plant	sprouts	from		

a	shipping	container	into	a	cargo	container	with	soil	using	an	
innovative	phalanx	gripper	of	an	industrial	robot	manipulator:	

1	–	support	post;	2	–	horizontal	crossbar;	3	–	vehicle;		
4	–	manipulator;	5	–	innovative	phalanx	tong;		

6	–	plant	micro	shoot;	7	–	transport	container;		
8	–	cargo	container	with	soil

The functioning of this robotic complex is described in 
the articles [12–14].

5. 2. Selection and justification of the structural and ki-
nematic parameters of the phalangeal gripper of the robot

As is known, the shape of the outer surface of the plant 
microshoot has an elongated cylindrical shape and a thin  
outer surface similar to agro-horticultural products, for 
exam ple, cucumbers, bananas have a cylindrical shape. Ripe 
tomatoes and apples are also roughly spherical and have  
a thin outer surface. Therefore, the designed gripper is in-
tended for handling goods that have a cylindrical or spherical 
shape with a thin outer surface. The average diameter of most 
considered horticultural products is in the range of 40 to 
100 mm. Weight also varies even among identical species, but 
is always in the range from 50 to 500 g [5]. The mechanical 
properties of apples, pears and tomatoes have been measured 
in several research projects [4, 5]. Since the ripe tomato has 
the worst mechanical characteristics, it was used as a refe-
rence fruit for the development of tongs for this product line.

The prospective look of the tong for reloading operations 
of this product line is determined by the following functional 
and economic features:

– the gripper actuator has a block diagram with 1–3 de-
grees of freedom to move two or more of its gripping jaws to 
the object being reloaded;

– to be able to control the gripping force of the reloaded 
object to avoid damage to its outer surface and the lack of 
control of the gripping force is the main disadvantage of  
the gripper;

– artificial brushes, consisting of several anthropomor-
phic phalanges, capable of adapting to the shape of the cap-
tured object, wrapping around it. They can be flexible and 
adapt to most shapes, but they require multiple actuators and 
sensors, making the grip more difficult and costly to control;

– pneumatic grippers that use a partial vacuum to grip 
an object with a non-porous surface. The clutch is difficult 
to control and can deform or damage the outer surface of the 
objects being handled. In addition, the suction cups may not 
adhere to some of the concave and/or uneven outer surfaces 

of the items being handled, rendering them inoperable. For 
these reasons, pneumatic devices cannot function reliably 
when these items are overloaded.

Thus, the optimal gripper structure for reloading these 
products should have articulated phalanges to adapt them to 
the cylindrical and spherical shapes of the reloaded objects 
with adjustable grip force and a simple control system.

The main structural component of the robotic gripper of 
the robot is the gripping sponge, since it is this structural ele-
ment that is in direct contact with the captured object. Sponge 
development can be approached using the following solutions:

– rigid jaws, consisting of one solid body and they are mo- 
ved by the gripper actuator. They ensure the grip of the over-
loaded object also due to friction. Most modern grip designs 
use them as they are fairly easy to design, build and manage.

Articulated gripping jaws, which are formed by two or 
more structural elements connected by driven flexible rods. 
They can adapt their gripper configuration to the outside 
shapes of the goods being handled, but require a more sophis-
ticated multi-motor control system.

Elastic gripping jaws based on elastic materials. This 
sponge has a structure that can adapt to the irregular shape of 
the outer surface of the items being handled. The compliance 
factor increases the contact surface, therefore, the stress on 
the gripped object is reduced.

After evaluating these aspects, a structure diagram of  
a phalangeal gripper with gripping jaws was selected as the 
design of the gripper for reloading horticultural products and 
plant microshoot shown in Fig. 3.

 

Fig.	3.	Three-phalange	adaptive	gripper	of	the	robot	
manipulator	for	reloading	plant	microshoots	from	the	

transport	container	into	the	working	container	with	soil:		
1	–	tile-base	for	attaching	the	main	phalanx	of		

the	gripper	lever;	2	–	mounting	arm	of	the	manipulator;		
3	–	main	phalanx;	4	–	middle	phalanx;	5	–	pointed	phalanx;		
6	–	hinge	for	fastening	adjacent	phalanxes	to	each	other;	
7	–	tightening	spring;	8	–	gripping	sponge;	9	–	flexible	

traction	element,	10	–	plant	micro	shoot

The rotation of the phalanges of the gripper levers is sup-
posed to be carried out using the two most effective options for 
the location of the gripping jaws of the phalanges of the gripper 
levers near the upper part of the plant microshoot body:

– two gripping jaws, shown in Fig. 4, a, located on the 
inner surface of the phalanges of the gripper levers, are lo-
cated on one side of the outer surface of the microshoot body 
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section of the plant, one gripping sponge, located on the outer 
inner surface of the phalanx of the gripper lever, is located 
near the opposite side of the outer surface area of the plant 
microshoot body;

– two gripping jaws, shown in Fig. 4, b, located on the 
outer inner surface of the phalanges of the gripper lever, are 
located on one side of the outer surface of the plant micro-
shoot body section and two holding sponges, located on the 
outer inner surfaces of the phalanges of the gripper lever, are 
located near the opposite side the outer surface of the plant 
microshoot body area.

 
 
 

 

a

b

Fig.	4.	Different	options	for	capturing	an	object:		
a	–	variants	of	the	scheme	of	loading	the	gripping	jaws	

of	the	phalanxes	of	the	gripper	lever	(view	along	the	
longitudinal	axis	of	the	gripping	jaw);	b	–	when	clamping		

a	part	of	the	plant	micro	shoot	body	from	above	and	below	
with	gripping	sponges;	1,	2,	3,	4	–	gripping	jaws;	5	–	plant	

micro	shoot	b	–	the	length	of	the	holding	tooth;		
h	is	the	width	of	the	gripping	jaw

Among all possible options, the grip force index [5] is 
used as a design criterion, since it is a compact expression for 
evaluating the performance of the grip mechanism.

First, the lengths of each phalanx l1 and l2 of the two-pha-
lanx tong are determined from the geometrical conditions 
for capturing the object, and the length of each phalanx 
should be more than half of the maximum diameter of the 
captured object. Next, the values of these phalanx lengths are 
optimized using the gripping force index, that is, it directly 
depends on the accuracy of estimating the gripping force of 
the object with the tong.

The value of the gripping force of an object by a gripper 
in [5] is determined from the geometry of the configuration 
of its actuator, that is, only from the condition of the static 
equilibrium of the object during its gripping.

For example, most agro-horticultural products have 
a weight in the range of 0.5 to 2.0 N. Then the maximum 

gripping force Pmax can be calculated directly. Taking into 
account the product weight of 5.0 N and the calculated 
safety factor of 2.5, Pmax is calculated to be 106.66 N, and 
the average gripping force Pmean is 56.41 N [5]. Therefore, 
for the design of an innovative robot gripper, the accuracy of 
estimating the gripping force of the robot gripper is relevant.

An increase in the number of working elements of the grip 
gives an expansion of the area of permissible values of the 
forces of gripping a ring with a large diameter from the con-
ditions of the absence of deformation and stress in the area of 
contact of the working element of the phalangeal grip with  
a plant microshoot. Therefore, in this study, cases of captur-
ing the annular structural element of a plant microshoot are 
considered at four, six and eight points of contact of the inner 
surface of the working element of the phalanx gripper with 
the outer surface of the plant microshoot. In works [11, 12] 
the following formulas for calculating the maximum and mi-
nimum allowable values of the gripping force of a thin-walled 
ring were substantiated from the conditions for ensuring the 
reliability of the grip and the insignificance of the values of 
elastic displacements at the points of contact of the working 
element of the gripper with the ring both in the static and dy-
namic state of the gripper in the process of interaction with 
the overloaded object and taking into account its physical 
and mechanical characteristics.

The value of the pressing force of the outer inner surfaces 
of each phalanx 3–5, with the retaining teeth 8 attached to 
each of them, of each gripper lever to the outer limiting sur-
face of the upper part of the microshoot body of the plant 10, 
which is shown in Fig. 4, is determined by the formula:

P
ltadd

max .
,=

s 2

0 3967
 (1)

and

P
G F

f
I

min ,=
+
8

 (2)

where Pmax – the value of the maximum permissible grip-
ping force of the gripper ring when performing minor elastic 
movements at the points of contact of the working element 
of the gripper with the ring; sadd – the value of the allowable 
normal voltage of an object having an annular cross section;  
l and t – the width and thickness of the ring; Pmin – the value 
of the minimum allowable gripping force on the outer surface 
of the ring for reliable retention of the plant micro shoot;  
G – the weight of the ring and FI – the magnitude of the 
inertial force acting on the ring.

5. 3. Determination of gripping forces taking into ac-
count the stochastic conditions of its interaction with an 
overloaded object 

The magnitude of the force P, i.e. Pk, with which the grip-
per interacts with the upper part of the body of the captured 
object, is determined from the following system of equations:

P P u

z P
k k k k

k k k

+ = + +
= +





1 g
d

,

,
 (3)

where Рk – the magnitude of the force P, determined tak-
ing into account the random error of its deviation in the  
«ideal model»; xk+1 – the magnitude of the force P, deter-
mined taking into account the random error of its deviation  
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in the «ideal model» in a different time interval; uk – the 
magnitude of the force P, which controls the evolution of 
the state matrix of its change, with which the gripper in-
teracts with the surface of the upper part of the body of the 
manipulated object, which is determined analytically by 
formula (1) or (2); zk – the magnitude of the force P, deter-
mined experimentally, taking into account the systematic 
error caused by the accuracy of the measuring instruments; 
gk and dk – accordingly, the errors of the mathematical model 
of the analytical calculation and experimental determination 
of the magnitude of the force P, measured by technical means 
of measurement, and the analytical values of the force P are 
determined by (1) or (2).

In this case, random errors caused by the deviation of 
the designed three-phalanx adaptive gripper of the mani-
pulator from its «ideal» model are determined by statistical 
moments M

ig  whose values and their distribution laws do 
not depend on time (iteration numbers i); mean error values 
are zero: M M

i ig d= = 0.  The law of distribution of random 
variables of the force of grasping an object with a gripper may 
not be known, but their dispersions are known sg

2  and sd
2.  

It is assumed that all random errors in determining the 
magnitude of the gripping force of an object with a gripper  
are independent.

It is assumed that at the i-th step the filtered value from 
the sensor is found Pi

opt ,  which approximates the true coordi-
nate of the system Pi. The unknown value Pi+1 is determined 
by the formula:

P P ui i i i+ = + +1 g ,  (4)

where ui – the value that controls the evolution of the state 
matrix of the change in force Р.

Therefore, having not yet determined the value of the 
grasping force of the gripper object from the sensor, it is as-
sumed that at step i+1 the system evolves according to this 
law and the sensor will show the grasping force of the object 
by the gripper close to the value P ui

opt
i+ . Simultaneously 

with this circumstance, at step i+1, there is an inaccurate 
reading from the sensor zi+1. The idea is that in order to 
get the best approximation to the true coordinate xi+1 the 
so-called «golden» mean between the indication zi+1 source 
from the sensor and P ui

opt
i+  being its prediction. The sensor 

reading is given a Kalman weight K, and the predicted va- 
lue (1–K) is given a value Pi

opt
+1  is determined by the formula:

P K z K P ui
opt

i i
opt

i+ += ⋅ + −( )⋅ +( )1 1 1 , (5)

where K is the value of the Kalman weight coefficient, which 
is chosen such that the resulting optimal value of the coor-
dinate Pi

opt
+1  would be closest to the value of the true coordi-

nate Pi+1. For example, if it is known that the readings from 
the sensor are very accurate, then the degree of confidence 
in it will be greater and the value will have a greater weight 
(K is close to one). If the sensor is estimated with significant 
errors, then it is necessary to focus more on the theoretically 
predicted value P ui

opt
i+ . In general, to find the exact value of 

the Kalman coefficient, it is necessary to minimize the magni-
tude of random and systematic errors gk and di.

To determine the exact value of the Kalman coefficient, it 
is necessary to minimize the value ei+1, which is the mathe-
matical expectation of the square of the error:

e P Pi i i
opt

+ + += −1 1 1 .  (6)

After substituting formula (4) into equation (5), it turns out:

e K e Ki i i i+ += −( )⋅ +( ) − ⋅1 11 g d .  (7)

The average value of the mathematical expectation from 
the squared error is minimized:

M ei+( ) →1
2 min. (8)

The mathematical expectation of the value of the square 
of the error in determining the force P of the interaction of 
the three-phalanx adaptive grip of the industrial robot ma-
nipulator with the object of manipulation when it is reloaded 
from the transport container to the working container is 
determined by the formula: 

M e K Me Ki i+( ) = −( ) +( ) +1
2 2 2 2 2 21 s sg d .  (9)

According to formula (9), the minimum value of the 
mathematical expectation of the squared error is determined 
under the condition:

K
Me

Mei
i

i
+ =

+
+ +1

2 2

2 2 2

s
s s

g

g d

.  (10)

To determine the value of the Kalman weight coeffi-
cient, it is necessary to calculate the values of the statistical 
moments of random errors of the mathematical model and 
systematic errors in measuring the gripping force P of the 
three-phalanx adaptive grip of the robot when it interacts 
with the upper section of the manipulated object. Thus, the 
algorithm for solving the developed mathematical model, 
estimating the stochastic system of the dynamic process 
of interaction of the three-phalanx adaptive gripper of the 
manipulator with the object of manipulation is implemented 
using an iterative formula for calculating the value of the 
Kalman weight coefficient.

During an experimental study of the operation of press-
ing each phalanx of the gripper, with the gripping jaws of 
each gripper lever attached to each of them, to the surface 
of the upper section of the object of manipulation, an expe-
rimental relationship was obtained between the value of the 
force P and the length of each phalanx. The found Kalman 
coefficient made it possible to reduce the errors in the indi-
cation of the grip force sensor. 

The prototype phalangeal gripper was tested in various 
operations for gripping an overloaded object, such as a ten-
nis ball and a ripe tomato. Operations were carried out to 
capture the reloaded item with a tong and move it from its 
original position to the working container. And its move-
ment along a given route with a maximum speed (1.0 m/s) 
to test a reliable and stable hold of an overloaded object by 
a tong. During experimental studies, errors were established 
between the values of the gripping force of an overloaded 
object, which were measured by three sensors in each test. 
This error is due to the need to improve the accuracy of 
estimating the gripping force parameter of the object being 
overloaded by the robot gripper. Unlike well-known studies, 
the experimental data obtained were refined by determining 
the Kalman coefficient, which ensured an increase in the 
accuracy of estimating the robot grip force parameter, as well 
as the structural and kinematic parameters of the robot grip.

When sg = 1 and sd = 10 and when K = 0.1 there was a sta-
bilization of changes in the values of the Kalman coefficient.  

Electronic copy available at: https://ssrn.com/abstract=4069868



Applied mechanics

55

The maximum and minimum errors of the sensor in estimat-
ing the value P of the gripping force of the phalangeal tong 
were respectively εmax = 5∙10–2 and εmin = 0.09∙10–2.

5. 4. Experimental studies of the robotic phalanx grip-
per prototype

To test the performance of the developed gripper, its pro-
totype was built using 3D printing. The gripper was equipped 
with a RB350018-2AH22R geared motor and mounted on  
a serial UR5 robotic arm from Universal Robots. An experi-
mental sample of the gripper was built on a Stratasys Dimen-
sion Elite 3D printer [12, 13], which was able to print objects 
up to 200 × 200 × 300 mm in size with a layer thickness of 
0.254 mm. The material used by the printer was ABS  plastic.  
The corresponding structural elements of the parts were 
made of polyurethane foam rubber using a 10 mm thick layer. 
The printed prototype is shown in Fig. 5.

 
Fig.5.	Prototype	gripper	built	using	3D	printing

The work was controlled through the user interface of 
the UR5 robot [12], which allows to plan the movement of 
the robot by setting waypoints and predefined commands 
triggered by input signals.

Table	1

Elementary	analysis	of	operations	for	a	selective	assignment	
of	laboratory	tests	of	the	functioning	of	the	developed	

adaptive	robot	manipulator	gripper	for	reloading		
agro-horticultural	products

Transfer task Т М А Р

The manipulator moves to a gripping position –  ×  – –

Product seized – –  ×  –

The manipulator picks up an object  ×  – – –

The manipulator moves to the release point  ×  – – –

Manipulator lowers to first release position  ×  – – –

Object released – –  ×  –

The prototype triphalangeal gripper has been tested in 
several different picking and placing operations for various 
products (ripe and unripe tomatoes, peaches, apples). Each 
test consisted of three to ten main selection and placement 
tasks. The tested «pick and place» task for an individual 
product is described in Table 1 using a rudimentary decom-
position of operations to plan operations. An elementary ac-
tion is defined as the smallest manipulative entity that can be 
performed through the simplest actuation action in a robotic 
system with a single programming instruction. Elementary 

actions are detected and classified as move (T), move (M), 
active pause (A) and passive pause (P) [13]. Once all the 
elementary actions have been defined, they can be organized 
into a suitable and efficient sequence of manipulating the 
movements of the robot arm’s gripper movements for reload-
ing agro-horticultural products. In addition, they make it 
easy to identify instructions for programming the operation 
of the robot arm’s grip.

During the tests, each product was lifted from its original 
position, transported to the nest of the final package and 
released into it. In addition, another test tested the stability 
of the grip: the robot’s gripper grabs a tomato and moves it 
along a given path at maximum speed (1.0 m/s) to check if 
the grasped object is securely held by the robot’s gripper.

During the tests, none of the horticultural products were 
damaged by these handling manipulations, in accordance with 
Table 2 of the sample task of laboratory tests, since no signs of 
compression or cracks were found during visual inspection of 
the manipulated object, shown in Fig. 6. Limited pressing force 
does not allow relative movement between the horticultural 
products and the phalanxes of the tong. The full cycle time for 
one operation of the «select and place» task is 2.0 seconds for  
a maximum path length of 1.0 m, and the maximum moment of 
force holding the object with the tong is 0.098 Nm.

To measure grip strength, other tests were carried out us-
ing three force sensing resistors (FSRs) that return a voltage 
that is related to the force acting on their sensing surface. The 
sensors were placed between the rigid and pliable part of the 
fins. The system consists of three FSR sensors [12, 13], which 
are connected to the Arduino Nano, and three 10 kOhm 
step-down resistors. To measure the power consumed by the 
motor, an ACS 712 power supply module was connected in 
series with a 6 V power supply.

  
a b

Fig.	6.	Test	configuration	for	measuring	static	grip	strength:	
a	–	tennis	ball,	side	view;	b	–	ripe	tomato,	front	view

Fig. 7–10 show the results of experimental studies of tes-
ted grippers on grip strength and energy consumption, mea-
sured by FSR sensors, for a tennis ball and a ripe tomato. The 
various graphs mentioned above represent the time course of 
the grip force measured by each sensor and the power con-
sumption obtained by multiplying the measured current by 
the 6 V power supply. The time was taken from the Arduino 
Nano’s internal clock and is measured in milliseconds.
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Fig. 7–9 show grip strength changes during the tennis 
ball and unripe tomato test. The shape of the function again 
approaches a square wave with an average grip force of 3.12 N 
and 0.88 N, respectively, for a tennis ball and a ripe tomato. 
The evolution of energy consumption is shown in Fig. 8–10 
and is also similar. With a maximum power consumption of 
12.8 and 9.8 W peak release, respectively, for a tennis ball and 
a ripe tomato.

The temporal dynamics of both the gripping force and 
ener gy consumption are almost the same in all tests performed.  
Therefore, it depends on the type of movement and only 
slightly depends on the applied gripping force. The contact 

is not characterized by a peak force, since the 
design of the gripper uses an adaptive hydraulic 
drive [14, 15], which provides automatic limitation 
of the gripping force without damaging the outer 
surface of the reloaded cargo. When conducting 
experimental studies, errors were found between 
the values that were measured by three sensors in 
each test.

Confidence intervals were built to estimate 
the gripping force with a reliability of g = 0.95, 
respectively, to the overload of a tennis ball and 
a ripe tomato. For example, for a tennis ball with 
a sample size of n = 200, s = 10, X NS = 3 12.  and 
Student’s coefficient t = 1.96, the accuracy of esti-
mating d was d = 1.39 and its confidence interval  
was (3.12N–1.39N<3.12N+1.39N). Using the Pear-
son criterion, at a significance level of α = 0.05, 
with the number of intervals K of the distribution 
of the random value of the gripping force K = 11, 
X NS = 3 12. ,  sS = 0,49, by the number of degrees 
of freedom r = 11–3 = 8 let’s define χobserv. . .2 12 42=  
According to the table of critical distribution 
points, let’s find χcr .( . ; ) . .2 0 05 8 15 5=  From a com-
parison of the obtained values of the critical dis-
tribution points χobserv.

2  and χcr .( . ; )2 0 05 8  the con-
clusion is made about the normal distribution 
of the general population of the studied random 
variable of the gripping force. From a comparison 
of the obtained values of the critical distribution  
points χobserv.

2  and χcr .( . ; )2 0 05 8  the conclusion is 
made about the normal distribution of the general 
population of the studied random variable of the  
gripping force.

6. Discussion of the scientific results on the 
creation of the robotic complex

The result of the solution of the first task of the 
study was the construction of a general concept of 
a robotic complex with a tong for automating the 
handling operations of plant microshoots having 
a cylindrical shape and a longitudinal annular 
section, shown in Fig. 6. A cylindrical shape with 
an annular section, for example, a micro shoot of  
a plant, a ripe tomato, etc., shown in Fig. 6, b.

As a result of solving the second task of the 
study, it was found that when designing an inno-
vative gripper for automating the overload of plant 
microshoots, it is necessary to improve the accura-
cy of estimating the gripping force of the robotic 
gripper, which determines its design parameters. 

Analytical dependences (1), (2) are presented for deter-
mining the maximum and minimum allowable values of the 
gripping force of cylindrical and spherical objects with an 
annular cross section, for example, a microshoot of a plant, 
a ripe tomato, etc. They are determined from the conditions 
for ensuring the reliability of gripping and the insignificance 
of the magnitude of elastic a gripper element with the outer 
surface of a reloaded object, for example, a microshoot of  
a plant, a ripe tomato, etc. Both for static and dynamic modes 
of operation of the gripper and taking into account the physi cal 
and mechanical characteristics of the reloaded object, for ex-
ample, a microshoot of a plant, a tennis ball and a ripe tomato.  

 

Fig.	7.	Grip	force	test	results	measured	by	FSR	sensors	on	a	tennis	ball

 
Fig.	8.	Power	consumption	test	results	[W]	for	a	tennis	ball

 
Fig.	9.	Grip	force	test	results	measured	by	FSR	sensors	for	ripe	tomato

 
Fig.	10.	Power	consumption	test	results	[W]	for	a	ripe	tomato
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To ensure reliable retention of a reloaded object having  
a cylindrical shape and a longitudinal annular section, the 
most effective options for the location of the structural ele-
ments of the gripper – gripper jaws near the upper part of the 
plant microshoot body are substantiated. Two gripping spon-
ges (Fig. 4, a), located on the inner surface of the phalanges of 
the gripper levers, are located on one side of the outer surface 
of the microshoot body area of the plant. And one gripping 
sponge, located on the outer inner surface of the phalanx of 
the gripper lever, is located near the opposite side of the outer 
surface of the microshoot body section of the plant. Two grip-
ping sponges (Fig. 4, b) located on the outer inner surface of 
the phalanges of the gripper lever are located on one side of 
the outer surface of the microshoot body section of the plant 
and two gripping sponges located on the outer inner surfaces 
of the phalanges of the gripper lever are located near the oppo-
site side of the outer surface of the site plant microshoot body.

As a result of solving the third problem of the study, the 
values of gripping forces obtained by analytical and experi-
mental methods are refined by finding the optimal Kalman 
coefficient using formula (10), which is obtained by minimiz-
ing the average value of the mathematical expectation from 
the square of the error in determining the value of the grip-
ping force when it interacts with an overloaded object, for 
example, a ripe tomato, tennis ball, etc. Then, for the refined 
value of the gripping force, the gripping index is determined 
to optimize the length values of each of its phalanxes.

In the fourth task of the study, the performance of the 
created prototype gripper was tested for reloading objects of 
cylindrical and spherical shapes with an annular section, for 
example, a tennis ball, a ripe tomato, etc. Extensive experi-
mental studies of the gripper during overload, for example, 
a ripe tomato, tennis ball, together with description of their 
implementation, both in static and dynamic modes of its 
operation, confirmed its performance. The reliability of the 
conducted experimental studies is confirmed by the correct 
results of their statistical processing.

On the basis of the research carried out, an innovative 
phalanx gripper of a robotic complex was created to automate 
the handling operations of plant microshoots during their mi-
croclonal propagation. This will automate the transfer ope-
rations of the technological process of microclonal propaga-
tion of plants using a reliable robotic complex with a simple 
control system with a gripper, which will significantly reduce 
the cost of their production. The effect of microclonal propa-
gation of plants on an industrial scale to solve the problem of 
planting greenery in large cities and areas of arid territories 
in the Republic of Kazakhstan and other countries of the 
World depends on the degree of automation of the transfer 
of plant microshoots from the transport tank in vitro to the 
working tank with soil. This circumstance makes it possible 
to solve the problem of planting greenery in large cities and 
areas of arid territories of the Republic of Kazakhstan and 
other countries of the World in this way.

In well-known works [4, 5], the geometrical parameters 
of the phalanx grip are determined using the grip force index, 
which is directly proportional to the accuracy of estimating 
the grip force of the object with the grip. The value of the 
gripping force of the object by the gripper is determined tak-
ing into account the weight of the overloaded object and the 
geometry of the configuration of the links of its actuator from 
the condition of static equilibrium of the overloaded object 
during its capture. The calculated gripping force is multiplied 
by a safety factor called the safety coefficient.

Therefore, for designing an innovative robot gripper for 
reloading a plant microshoot, which has a cylindrical shape 
with a longitudinal annular section, the accuracy of estimating 
the gripping force of the robot gripper is extremely important. 
In the proposed method, based on the study of the capture of 
objects having a cylindrical and spherical shape with a longi-
tudinal annular section, methods for calculating the maximum 
and minimum allowable values of the efforts to capture a plant 
microshoot are substantiated. Both in static and dynamic 
modes of operation of the tong and taking into account the 
physical and mechanical characteristics of the overloaded 
object. The values of gripping forces obtained by analytical 
and experimental methods are refined by finding the optimal 
Kalman coefficient. Then the tong grip index is determined to 
optimize the length values of each of its phalanxes. The accu-
racy of estimating the value of gripping force by the proposed 
method is significantly higher than in known methods. The 
accuracy of estimating the value of gripping force by the pro-
posed method is significantly higher than in known methods.

The conducted experimental studies have shown that the 
contact of the gripper with the object is not characterized by 
a peak force, if an adaptive hydraulic drive, for which an in-
novative patent has been obtained, is used in the design of the 
gripper prototype [15], which provides automatic limitation 
of the gripping force without damaging the external outer sur-
face of the reloaded items. Due to the operation of the adap-
tive drive, the grip force at the time of holding, for example,  
a ripe tomato, is almost constant and its average value is 0.88N.

In subsequent publications, it is planned to present re-
search materials devoted to the selection and justification of the 
innovative appearance of a robotic complex with a grip based 
on a functional and economic assessment of its functioning, 
and the results of experimental studies of the adaptive drive 
of the robot grip for automating overload operations of mi-
croclonal plant reproduction [15].

7. Conclusions

1. The study substantiates the functional and economic 
requirements for the perspective shape of the tong for trans-
shipment operations of goods having spherical and cylindrical 
shapes with an annular section, for example, plant microshoot, 
ripe tomato, etc. grip. The general concept of a robotic com-
plex with a phalanx gripper for reloading the asthenia micro-
shoot during their microclonal reproduction was chosen.

2. A mathematical model is substantiated for estimating 
the maximum and minimum permissible values of the gripping 
force when gripping a thin-walled ring from the conditions for 
ensuring the reliability of its grip and the insignificance of elastic 
displacements at the points of contact of the working element of 
the gripper with its outer surface in the process of reloading oper-
ations and taking into account its physical and mechanical prop-
erties, characteristics. Based on these requirements for the shape 
of the phalangeal gripper, the structural-kinematic and geomet-
ric parameters of the phalanges of the gripper and their structural 
elements – gripping jaws and their installation on the upper 
part of the body of a reloaded object with an annular section, for 
example, a plant microshoot, were substantiated. The variants 
of the scheme of loading the gripping sponges of the phalanxes 
of the gripper lever when they clamp a part of the plant micro-
shoot body are substantiated. In the study, the main methods of 
gripping elastic and fragile objects with an annular cross section,  
for example, a microshoot of a plant, a ripe tomato and etc.
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3. A mathematical method has been developed to increase 
the reliability of the assessment of the gripping force, which 
directly affects the accuracy of the assessment of the main pa-
rameters of the structural elements of the gripper of a robotic 
device, for example, its geometric parameters. The depen-
dence of the accuracy of the geometrical parameters of the 
gripper on the value of the assessment of its gripping force 
has been established. During experimental studies, errors 
were established between the values of the grip force, which 
were measured by three sensors in each test. The obtained 
experimental data were refined by determining the Kalman 
coefficient, which ensured an increase in the accuracy of 
estimating the gripping force parameter of the robot gripper. 

4. A prototype design of a three-phalanx robot gripper has 
been created to automate the handling operations of various 
objects, for example, a tennis ball, a ripe tomato, a plant mi-
croshoot. It was tested in laboratory and production condi-
tions at the international scientific center in Cassino (Italy). 
Software has been developed for simulating the functioning of  
a remotely controlled operating prototype of a mobile robot 
with an adaptive gripper for overloading a plant microshoot.

On the basis of the research carried out, an innovative 
phalanx gripper of a robotic complex was created to auto-
mate the technological process of transshipment operations 
of plant microshoots during their microclonal reproduction. 

The concept of building a perspective image of a controlled 
mobile robot with a gripper for automating reloading ope-
rations, as well as a method for improving the accuracy of 
estimating the geometric, structural-kinematic and dynamic 
parameters of an adaptive gripper, taking into account the 
stochastic environment of its operation, are new, are of sci-
entific and practical interest and can be directly applied in 
engineering not only in the Republic of Kazakhstan, but also 
in other countries of the World.

The conducted studies have shown that the contact of the 
gripper with the object is not characterized by a peak force, if 
an adaptive hydraulic drive is used in the design of the pro-
totype gripper, developed in the course of the research, which 
provides automatic limitation of the gripping force without 
damage to the outer outer surface of the reloaded items. Due 
to the operation of the adaptive drive, the grip force at the 
time of holding, for example, a ripe tomato, is almost constant 
and its average value is 0.88N. 
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