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Abstract. The article describes the results of the study of dynamic 
characteristics of the manipulator of technological industrial robot.  In 
addition, formulas for determining the forces of the control action on the 
links of the manipulator when performing specific technological methods 
of finishing the surfaces of the part are obtained. The influence of control 
forces on the functioning and technical capabilities of the manipulator of 
technological industrial robot is revealed. Standard layout schemes of 
manipulators of technological industrial robots were developed, and the 
analysis of their dynamic characteristics with the determination of the 
control action forces is carried out. This made it possible to develop and 
create a specific design of the robot for finishing turning and diamond 
smoothing of shaft surfaces in the structure of the automatic line. 

1 Introduction  

Technological industrial robots (TIR) are being applied in modern metal working for 
performance of finishing operations [1-7], which can perform such types of work as 
diamond smoothing, running the surface of the part by roller or ball, finishing or fine 
turning of cylindrical surfaces, cleaning of surfaces from burrs, polishing, etc. The choice 
of the layout scheme of the manipulator, which is the basis of the TIR and performs a 
particular operation of the finishing of the part, is a rather complicated and complex task, 
taking into account both the force effect of the tool on the workpiece surface, and the 
permissible number of degrees of freedom, the mass of the links and their mutual position. 
Therefore, the identification of the determining dynamic characteristics of the TIR 
manipulator will allow in the future to choose the design schemes of the manipulators to 
perform specific technological methods of finishing the surfaces of the part or their 
complexes.   

The manipulator, which implements the force effect of the tool on the workpiece 
surface, can be considered as a complex system with an additional connection. Using the 
Dalamber’s principle, it is possible to construct a dynamic model of the manipulator 
containing the coupling reaction in an explicit form. The simplest scheme can be seen in 
fig.1. Dynamic studies provide an opportunity to identify some driving forces, which are 
developed by actuators of the manipulator and is conditioned by the processing of the parts. 
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Fig. 1. The scheme of the manipulator, having a reaction connection of the tool with the processed 
surface of the part. 1 – stand, 2 – lifting mechanism, 3 – hand moving mechanism. 

The task of the dynamic study of the manipulator was to determine the normal force N at 
the point of contact of the tool with the workpiece surface and the rotation speed of the part 
Vд, which can be considered as the speed of movement of the tool on the treated surface. To 
solve this problem, the following values were taken as known: m1, m2 weight of the first and 
second links (modules) of the manipulator; x, y – coordinates of the centers of mass links in 
a fixed coordinate system Оxy; G1, G2 – gravity of the first and second links; P1, P2 – the 
forces developed by the drives of the manipulator to move its nodes and determine the 
process of processing the surface of the part. 
 According to the accepted scheme of the manipulator (Fig. 1) the angle of 
inclination of the normal force N to the fixed axis x of the coordinate system Оxy α is 
determined from the dependencies: 

α = arctg (Ny/Nx)  or α = arctg (|Vдx|/|Vдy|),                                        (1) 

where Nx, Ny – the projection of the normal force N on the coordinate axis; Vдx, Vдy –  the 
projection of the velocity Vд on the coordinate axis. 
The equations of the manipulator motion can be represented as follows: 

𝑚ଶ𝑥̈ = 𝑃ଶ − 𝑁 𝑐𝑜𝑠 𝛼 ;                                                       (2) 

(𝑚ଵ +𝑚ଶ)𝑦̈ = 𝑃ଵ + 𝑁 𝑠𝑖𝑛 𝛼 + 𝐺ଵ + 𝐺ଶ.                                      (3) 

From equation (2) we can determine the normal force N:  

𝑁 = (𝑃ଶ −𝑚ଶ𝑥̈)/ 𝑐𝑜𝑠 𝛼.                                                     (4) 
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If the expression (4) is differentiated by time, then the following differential equation is 
obtained, it provides the required type of transient by the force N: 

𝑁̇ = [(𝑃ଶ −𝑚ଶ𝑥) 𝑐𝑜𝑠 𝛼 + 𝛼̇(𝑃ଶ −𝑚ଶ𝑥̈) 𝑠𝑖𝑛 𝛼]/ 𝑐𝑜𝑠
ଶ 𝛼.                          (5) 

If the normal force Nтр  at the point of contact of the tool with the workpiece surface is 
known, (depending on the processing method of the part, the value of this force can be 
calculated from the known components of the cutting force at the finish and fine turning Px, 
Py, Pz or the force of indentation of the Рв  at diamond smoothing)          the differential 
equation that provides the finishing process of the part can be expressed as follows: 

𝑁 = 𝜆(𝑁 − 𝑁тр),                                                  (6) 

where λ – the uncertain factor (Lagrange multiplier), which is found by solving the 
coupling equations for the control forces taking into account the stability conditions of the 
system "manipulator – tool – workpiece" [2]. 

Then the force of the control action Р2 is determined from the expression obtained 
by equating equations (5) and (6): 

𝜆(𝑁 − 𝑁тр) = ൣ൫𝑃̇ଶ −𝑚ଶ𝑥൯ 𝑐𝑜𝑠 𝛼 + 𝛼̇(𝑃ଶ −𝑚ଶ𝑥̈) 𝑠𝑖𝑛 𝛼൧/ 𝑐𝑜𝑠
ଶ 𝛼 ;      (7) 

 and then  

𝑃ଶ =
ఒ(ேିேтр)со௦మఈା௠మ(௫⃛ ௖௢௦ ఈା௫̈ఈ̇ ௦௜௡ ఈ)ି௉̇మ ௖௢௦ ఈ

ఈ̇ ௦௜௡ ఈ
.    (8)  

To determine the derivatives x  и y  one can use the following relationship 

between the velocity projections Vд on the x and y coordinate axes: 

Vдx = Vдy·tgα                                                   (9) 

If in formula (9) put previously forestry dependence (1), (2), (4), (8) and double-
differentiate the new expression for Vдx in time, then the relationship between the 

derivatives x  and y will have the following form: 

𝑉̇௫ = 𝑥 = [𝑐𝑜𝑠ଶ 𝛼 (𝑦̈𝛼̇ + 𝛼̈𝑦̇) + 2(𝛼̇)ଶ𝑦̇ 𝑐𝑜𝑠 𝛼 𝑠𝑖𝑛 𝛼]
ଵ

௖௢௦ర ఈ
+

௬̈ఈ̇

௖௢௦మ ఈ
+ 𝑦𝑡𝑔𝛼.  (10) 

The joint solution of the system consisting of equations (7) and (10) allows to obtain 

expressions for the determination of derivatives x  и y : 

𝑥 = ൣ𝑃̇ଶ + 𝛼̇(𝑃ଶ −𝑚ଶ𝑥̈)𝑡𝑔𝛼 − 𝜆(𝑁 − 𝑁тр 𝑐𝑜𝑠 𝛼൧
ଵ

௠మ
;                    (11) 

 𝑦 = ൣ𝑃̇ଶ − 𝜆(𝑁 − 𝑁тр) 𝑐𝑜𝑠 𝛼൧
ଵ

௠ ௧మ ௚ఈ
+ (𝑃ଶ −𝑚ଶ𝑥̈)

ఈ̇

௠మ
−

ଶ௬̈ఈ̇ାఈ̈௬̇

௦௜௡ ఈ ௖௢௦ ఈ
−

ଶ(ఈ̇)మ௬̇

௖௢௦మ ఈ
.      (12) 

The force of the control action Р1  is determined from the equation (3) 

Р1 = (m1+m2)ӱ – Р2 – Nsinα.                                      (13) 

If the expression (13) is differentiated by time and to transform, the following 
differential equation is obtained: 

𝑁̇ = ൣ(𝑚ଵ +𝑚ଶ)𝑦 − 𝑃̇ଵ൧
ଵ

௦௜௡ ఈ
− [(𝑚ଵ +𝑚ଶ)𝑦̈ − 𝑃ଵ − 𝐺ଵ − 𝐺ଶ]

ఈ̇ ௖௢௦ ఈ

௦௜௡మ ఈ
.              (14) 
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Then, solving together the equations (3), (12) and (14), the formula for determining the 
force of the control action Р1, will have the following form: 

𝑃ଵ =
𝜆

𝛼̇
(𝑁 − 𝑁тр) ൬𝑠𝑖𝑛 𝛼 𝑡𝑔𝛼 + 𝑐𝑜𝑠 𝛼

𝑚ଵ +𝑚ଶ

𝑚ଶ

൰ − 𝐺ଵ − 𝐺ଶ + (𝑚ଵ +𝑚ଶ)𝑦̈ +
𝑃̇ଵ𝑡𝑔𝛼

𝛼̇
− 

−(𝑚ଵ +𝑚ଶ)𝑡𝑔𝛼 ቂ
௉̇మ

௠మ௧௚ఈ
+ (𝑃ଶ −𝑚ଶ𝑥̈)

ఈ̇

௠మ
−

ଶ௬̈ఈ̇ାఈ̈௬̇

௦௜௡ ఈ ௖௢௦ ఈ
−

ଶ௬̇(ఈ̇)మ

௖௢௦మ ఈ
ቃ
ଵ

ఠ
.  (15)  

Since the treatment of cylindrical surfaces of parts is considered, then 𝛼̇= ω = 
const  and formula (15) is converted as follows: 

𝑃ଵ =
ఒ(ேିேтр)

ఠ
ቀ
௦௜௡మ ఈ

௖௢௦ ఈ
+

(௠భା௠మ) ௖௢௦ ఈ

௠మ
ቁ −

(௠భା௠మ)௧௚ఈ

ఠ
ቀ

௉̇మ

௠మ௧௚ఈ
+

௉మఠ

௠మ
−

ଶఠమ௬̇

௖௢௦మ ఈ
ቁ +

௉̇భ௧௚ఈ

ఠ
. (16) 

The expressions (14) and (16) for determining the control forces Р1 and Р2 are nonlinear 
vector functions of time, generalized coordinates expressed through derivatives x  and y , 

masses of links and velocities, which provide the output of the tool fixed in the grip of the 
manipulator to a given point in space with a given velocity vector Vд, which guarantees the 
desired property of the tool movement in speed and position. 

Knowledge of the control forces Р1 and Р2 allows you to optimize the trajectory of 
movement of the links of the manipulator in degrees of freedom and can be used to 
determine the laws of their movement. It should be noted that the faster the movement of 
links, the sooner the manipulator will be released to perform new tasks, and the higher its 
performance will be. However, the rapid movement of the links requires a lot of effort, and 
efforts are limited by the strength of the parts of the manipulator and the power of its drive 
devices. Analysis of the formulas (14) and (16) leads to the conclusion that the choice of 
the layout scheme of the manipulator TIR depends not only on the set value of the normal 
force Nтр, due to the method and modes of processing parts, and the angular velocity of 
rotation of the workpiece ω, but also on the ratio between the masses of the links m1 and 
m2,  the number of degrees of freedom of the manipulator and the relative position of its 
links. Therefore, when choosing the layout scheme of the manipulator TIR to perform a 
specific technological operation, not only their technical capabilities, for example, by the 
force of pressing the Рв or the component of the cutting force Рz  and the permissible speed 
of rotation of the workpiece Vд, but also the required forces of the control action Р1, Р2, 
which determine the laws of motion of the executive bodies of TIR and the required power 
of its drives. 

In fig.2 one can see the typical layout schemes of manipulators TIR horizontal 
movement of the hand with the tool, widely used in metalworking to perform operations 
diamond smoothing surfaces of parts, finishing and fine turning, deburring, scale and 
deposits with cylindrical and shaped surfaces of blanks and parts, as well as performing 
other technological operations. For them, the values of the control action forces Р1 and Р2 
were analyzed, provided that for a particular method of finishing the part ω = const, and the 
corresponding formulas for their determination were obtained (table. 1). In the presented 
formulas, the parameter q, depending on the trajectory of the tool, the processing modes 
and the ratio between force and mass, can be determined from the equations of motion of 
the manipulator given in [8-12], by converting them in accordance with the accepted layout 
scheme. 
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Fig. 2. Typical layout diagrams of manipulators TIR horizontal displacement with 3 (a, b), 4 (c) and 5 
(d) degrees of freedom. 

Table 1. The values of the control action forces Р1 and Р2 for different layout schemes, 
TIR 

Scheme 
of TIR 

diamond 
smoothing 

 

final turning Driving forces 

Рв, 
Н 

Vд, 
м/с 

Рz,Н Vд, м/с Р1 Р2 

а 200-
1500 

0,1-
0,5 

 
0,36

(0,4𝑚ଵ + 0,5𝑚ଶ)𝑞

𝜔
 1,02

0,5𝑚ଶ𝑞

𝜔
+ 𝑃в 

 500-
2500 

0,1-0,5 
0,41

(0,4𝑚ଵ + 0,5𝑚ଶ)𝑞

𝜔
 1,18

0,5𝑚ଶ𝑞

𝜔
+ 𝑃௭  

b 100-
800 

0,01-
0,3 

 
0,24

(0,5𝑚ଵ +𝑚ଶ)𝑞

𝜔
 1,15

𝑚ଶ𝑞

𝜔
+ 𝑃в 

 300-
1200 

0,05-
0,3 0,39

(0,5𝑚ଵ +𝑚ଶ)𝑞

𝜔
 0,97

𝑚ଶ𝑞

𝜔
+ 𝑃௭ 

c 200-
1500 

0,1-
0,5 

 
0,28

(𝑚ଵ + 0,6𝑚ଶ)𝑞

𝜔
 1,45

0,8𝑚ଶ𝑞

𝜔
+ 𝑃в 

 400-
2000 

0,1-0,5 
0,32

(𝑚ଵ + 0,6𝑚ଶ)𝑞

𝜔
 1.56

0,8𝑚ଶ𝑞

𝜔
+ 𝑃௭  

d 100-
1600 

0,1-
0,8 

 
0,47

(0,5𝑚ଵ + 0,6𝑚ଶ)𝑞

𝜔
 0,94

0,5𝑚ଶ𝑞

𝜔
+ 𝑃௭  

 300-
2500 

0,1-0,8 
0,55

(0,5𝑚ଵ + 0,6𝑚ଶ)𝑞

𝜔
 1,08

0,5𝑚ଶ𝑞

𝜔
+ 𝑃௭  
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Fig 3. General view of the TIR for finishing surfaces of parts, built-in automatic line. 

The analysis of the values of forces Р1, Р2 and technical characteristics of the 
manipulators allowed us to develop and create a specific design for finishing TIR (fine) 
turning, diamond smoothing of shaft surfaces and other technological operations of 
finishing parts in the structure of the automatic line (Fig. 3). The basis was the layout 
scheme of the manipulator which is presented in Fig. 2,a. 

The production tests of the developed design of the TIR showed that their use in 
diamond smoothing of the surfaces of parts and performing cleaning operations can reduce 
the spread of the roughness parameter Ra and micro-hardness of the surface layer material 
by 20 – 30% and more than 1.5 times increase the productivity of operations related to the 
removal of burrs and scale from surfaces and forgings of iron-carbon alloys [13-15]. 
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