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Abstract: In order to take into account more boundary conditions, a new modified equation was 
obtained to establish the profile of the fist by adding a constant to the equation obtained from the solution of 
the differential equation of curvature (i.e., 0k < -  convex profile surface as a special case). Based on this 
equation, the expression defining the movement of the pusher based on the rotation angle of the fist was 
deduced. The kinematic report of the punching mechanism was performed on the basis of a modified formula. 
During the kinematic calculations, it was found that there are no jumps in the displacement, velocity and 
acceleration diagrams of the pusher, that is, the mechanism works smoothly. In order to verify that the 
curvature takes a negative value along the profile, the equation of the curvature was deduced, its graph was 
plotted and its accuracy was confirmed. 

Keywords: profile, punch, flat pusher, speed, momentum, punch mechanism, impact, radius of 
curvature. 
 

Introduction. The task of the punch is to convert the rotational movement of the shaft into the 
forward movement of the pusher. The profile of the fist is formed by a circle, a straight line and 
various curved lines that meet each other [1]. Figure 1 shows a convex profile gas distribution 
mechanism that actuates the valve of an internal combustion engine with a flat pusher. 

 

 
Figure 1. Gas distribution mechanism:  

1 - clutch; 2 - wheel; 3 - thruster; 4 - punched shaft; 5 - valve. 
 

The works of many authors are devoted to the modeling, design, kinematic and dynamic 
analysis of punching mechanisms. For example, T.A. Polyakova (with co-authors) carried out a 
kinematic report of the camshaft punch of the gas distribution mechanism of diesel engines using the 
graphical method, using the MathCAD program. As a result, they constructed displacement, velocity 
and acceleration diagrams of the thruster [2]. H.D.Desai and V.K.Patel performed computer-aided 
kinematic and dynamic analysis of the punch and pusher to determine the critical angular velocities 
of each section [3]. R.D.V. Prasad (with co-authors) performed a kinematic and dynamic analysis for 
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the modification of a flat pusher punch mechanism. The aim of the study was to improve the 
performance of the mechanism by reducing the contact stresses in the meeting areas. The authors 
defined expressions for displacement, speed and acceleration of the pusher and punch based on 
geometrical parameters [4]. M. Mali (with co-authors) used point contact, replacing the flat pusher 
with a convex pusher, in order to increase the efficiency of the mechanism in four-stroke internal 
combustion engines, to reduce the friction force [5]. I.A. Khalilov (with co-author) kinematic analysis 
of the punched mechanism built on the basis of the curvature quality indicator, in his scientific article, 
in solving the design and optimization issues of the punched mechanism profiled on the basis of the 
curvature, which is one of the geometric criteria of quality, analytical with the application of the 
MathCAD program, and with the application of the SolidWORKS program, the most promising for 
today considered, kinematic analysis based on computer numerical experiment was given [6]. 

Modern CNC (Computer Numerical Control) machines, which perform profiling with high 
precision, are widely used in punch manufacturing technologies. It is very important to have accurate 
coordinates for processing the profile on CNC machines. Since the known graphical methods for 
determining coordinates [7] are rather imprecise, profiling is mainly built with analytically obtained 
curves. 

Analytical calculation of the fist. At high speeds of the shaft, the smooth change of curvature 
along the profile ensures the absence of shocks in the punch mechanism. The only geometrical 
parameter that affects the contact stress in punched mechanisms intended to work under a large load 
is the introduced curvature radius [8]. The monotonous change of the radius of curvature without a 
jump in the graph during the departure and approach phases allows for the absence of the first type 
of shocks in those phases. 

The profile of the punch in mechanisms with a flat pusher punch is made in a convex shape. To 
provide convexity to all points of the profile, its curvature factor 0k <  condition must be met. In the 
presented article, the differential equation of curvature (1) for constructing a profile with a variable 
curvature coefficient with a convex profile, in a special case, the equation of a convex profile curve 
(2) was obtained [9]. 
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The equation of the curve in (1) is not clearly defined. With the coefficient of curvature being 
negative, that is, convex, the equation of the profile line can be obtained by using the trigonometric 
equation (2) provided that certain criteria are met [10-12]: 

 

( )( ) sin ,k x a p x= − ⋅ ⋅                                                                (2) 
 

where ( )k x  - function of curvature; y  is the equation of the profile curve. 
Equation (2) can be solved taking into account (1) and the following expression can be 

obtained 
 

( ) ( )
2

21( ) sin cos ,py x n p x p x C
p a

   = ⋅ + − ⋅ +    
                                         (3) 

 

where C  is an integral constant. 
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The presence of three constants ( , ,a p C ) in expression (3) complicates the use of four boundary 
conditions. That is, the report is redone by changing some input parameters to satisfy the fourth 
boundary condition. This increases the number of iterations and necessitates undesired corrections to 
some of the input parameters. However, this problem can be solved by adding a new constant to 
expression (3). By adding the constant K  to expression (3), all basic boundary conditions can be 
taken into account. These are: starting ( 1 1,x y ), ending ( 2 2,x y ) points and tangents at these points ( 1t
and 2t ) (Figure 2). 

 

( ) ( )
2

2( ) sin cos ,K py x n p x p x C
p a

   = ⋅ + − ⋅ +    
                                        (4) 

 

Expression (4) is called the modified equation of (3). 
Input parameters are set to perform kinematic calculations using MathCAD software. These 

parameters include: 0 : 20r = , 1 : 20r = , 1 : 10oϕ = , 2 : 10oϕ = , 0 0 1: 28a o o= = , ( )1 0 1: 1 cos( deg)x r ϕ= ⋅ − ⋅

-(Figure 2), ( )
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2 1 2 0 0: ( )y r x r a= − − +  - 2y  is 

obtained  
To find the coefficients of , , ,p a C K  in (4), the following system of equations is jointly solved 

in Mathcad, subject to the aforementioned boundary conditions. 
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The following formulas are used to convert from the Cartesian coordinate system to the polar 

coordinate system (Figure 3). Polar angle 
0

( )( ) : tan y xx a
r x

ϕ
 

=  − 
 and polar radius 

2 2
0 : ( ) ( 0 )o A y x r x= + −  are determined by expressions. Figure 3 is used to derive the thruster 

displacement equation at interval 1 2,x x . From the figure, it is the angle formed by the tangent at 
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point ( )( ) : tant
dy xx a

dx
ϕ  =  

 
- ,x y  with the axis of x . In interval ( ]2 0,x r , equation ( )y x  is replaced by 

2 2
1 1 0 0( ) : ( )ry x r x r a= − − + , and ( )t xϕ  by 1

1
( )( ) : tan r

r
dy xx a

dx
ϕ  =  

 
 for a circle with a radius of 1r . 

 

  
Figure 2. Graphical representation of 

boundary conditions. 
Figure 3. Profile of the fist 

 

As can be seen from Figure 2 and Figure 3, the displacement of the thruster is denoted by S  
and is found as follows. 
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where from Figure 3, ( )( )
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.  

The movement of the pusher is carried out by the equation (5) in the interval 1 2,x x , and the equation 
of the circle with the center point 1o  and the radius 1r  in the interval ( ]2 0,x r  is used. 

Figure 4 shows the dependence diagram of the thruster rotation angle obtained on the basis of 
(5). The maximum value of the displacement corresponds to the maximum of a circle with a radius 
of 1r  at a turning angle of 900 (18 mm), as intended. As can be seen from the speed diagram, it changes 
smoothly, which means that there are no shocks of the first type (Figure 5). A sharp increase in the 
speed of the pusher during the take-off phase is an indication of rapid opening of the valves. There 
are no jumps in the momentum diagram, it changes smoothly, and this is the main condition for the 
absence of the second type of shocks (Figure 5). 
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Figure 4. Diagram of dependence of thruster displacement on rotation angle 

 

 
Figure 5. Diagram of the dependence of the speed analog of the thruster on the angle of rotation 

 

 
Figure 6. Diagram of dependence of the thruster's momentum analogue on the angle of rotation 

 

As we mentioned, the value of the curvature coefficient is negative throughout the profile, so 
the profile should theoretically be convex. This boundary condition was used in the derivation of 
equation (3). However, expression (4) was used to draw the profile curve by adding K  correction 
factors to equation (3) to account for the basic boundary conditions. Equation (4) is a modified version 
of (3). The curvature coefficient of the profile curve drawn by (4) is determined by expression (6). 
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                    Figure 7. The curvature coefficient of the profile line 

 

As can be seen in Figure 7, the value of the curvature coefficient is negative along the entire 
profile line. This is the main condition for the profile to be prominent. 

Since the pusher is plane and located in the position touching the fist, the pressure angle is zero. 
Conculations. 
1. The differential equation of curvature for a convex profile, for a special case, was solved and 

the obtained expression was modified to take into account the main boundary conditions, and a new 
equation was obtained. 

2. The thruster's displacement equation was deduced and the speed and acceleration expressions 
were obtained by differentiating it. Based on the received statements, the punch mechanism was 
kinematically calculated, and displacement, speed, and acceleration graphs of the pusher were 
constructed for visual display. 

3. A new approach for the kinematic calculation of a punch mechanism with a convex profile 
and a variable radius of curvature is given. 

4. The curvature formula of the curvature base, which is a criterion of geometric quality, has 
been derived. 

5. The presented method can be used in the creation of special software for kinematic 
calculation and automatic design of punched mechanisms with a convex profile. 
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