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There are several general methods for correcting errors related to 
positioning the machine tool structural units. The task to achieve opti-
mal manufacturing accuracy can be resolved by using a compatible 
solution to vector equations, a variation of the shape formation func-
tion, or applying a matrix of transfer coefficients. 

However, there is no mutual relationship between various calcula-
tion methods for the case of grinding flat surfaces. The methods should 
be simplified and tested for the elongated shape formation function 
while considering the links’ dimensions.

This paper reports a study into the accuracy of grinding flat sur-
faces, determining and reducing the share of manufacturing errors. 
The content of variation matrices and transfer coefficients has been 
substantiated. The comparison of the orientation angles of the grind-
ing machine headstock relative to the machine tool bed has demon-
strated close results from all methods. These angles were taken as 
machine tool errors. The calculation error does not exceed 1.5 %.  
The experiments are consistent with the calculations.

Different signs of the transfer coefficients in the orientation angles 
of grinding machine headstocks in the matrix make it possible to 
mutually compensate for the overall impact. The calculations have 
shown that the accuracy of the side-end machining is largely affected 
by a change in the orientation angle in the vertical plane. 

The effect exerted on the accuracy of individual mated parts by 
the machine tool structural units has been estimated. The calculations 
show that the error of positioning a part in the drum window acquires 
the highest absolute values and is random in nature, which requires 
a more accurate base positioning. The findings from both theoretical 
and experimental studies have been applied. The mathematical model 
makes it possible to determine the degree of scattering the end surface 
around the base plane via its variance.

The measured trajectory provides diagnostic information about 
the sources of error in the machine tool assembly. A task to calculate 
the accuracy of the end-grinding machine tool can be solved for other 
models of machine tools in the same way
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1. Introduction

The responsible surfaces of most parts are finished by 
grinding operations. They predetermine the operational 
properties of an article. Among a series of requirements for 
surface quality, considerable attention is paid to the issues of 
ensuring roughness and the proper geometric shape. It is im-
portant to timely identify the manufacturing causes of errors 
at the stages of both design and technological development 
and during the fabrication and modernization of machine 
tools or their adjustment.

As regards side-end grinding, along with stringent re-
quirements for machining accuracy, there additional require-
ments for high performance. Namely, for the ends of the rings, 
carbide plates, the requirements for the parallel position of 
the ends and permissible deviations relative to the base plane 
are important. 

It is necessary to simultaneously resolve the issue of en-
suring both the required quality and high performance. The 
task is solved by orienting grinding machine headstocks in 

the horizontal and vertical planes. That results in a techno-
logical error during machining at two-sided machine tools.

Reducing the impact of errors related to machine tool 
structural units’ positioning, as well as their possible mutual 
correction, would decrease their contribution to the overall 
machining error, and determine the rational dimensions of 
the tool contact area. 

Additional difficulties associated with ensuring the re-
quired accuracy arise from the issue related to that the abra-
sive tool’s shape is compromised due to its wear. Such a tool 
needs adjustment. Consequently, the mutual correction of 
existing machine tool errors is a relevant task when machin-
ing the ends’ flat surfaces that has not been resolved so far.

2. Literature review and problem statement

The issues of diagnosing the accuracy of machining and 
the impact exerted by errors in the position of machine tool 
structural units were addressed in work [1] using a lathe as  



Engineering technological systems: Reference for Chief Technology Specialist at an industrial enterprise

91

an example. The machine tool has a relatively simple shape 
formation function (SF), which is composed of the product of 
only three conversion matrices of coordinate systems (CS). 
The authors derived a general dependence on the construc-
tion of the matrix of transfer coefficients between the k-th 
input (an error of the machine tool structural unit position) 
and the l-th output technological errors. An element of the 
matrix of transfer coefficients can be determined within the 
dimensions of a part’s machined surface [1]:
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where β, ρ are the curvilinear machine tool coordinates that 
describe the required feed movements, or the feed and con-
tact line on the tool, which are necessary to form a workpiece 
surface at the machine tool; Vk, Tl are, respectively, the k-th 
element of the vector, the input (machine tool) error, and the 
l-th element of the vector of technological (output) errors, 
composed of the Х, Y, Z coordinates, which occur when ad-
justing or assembling a machine tool; Vk∙Tl and Tl ∙Tl are the 
scalar products of the elements of machine tool and manufac-
turing errors, l, k is the number of vector elements: depends 
on the complexity of a task, S is the area of the machined 
surface, dS is the area element.

Machine tool errors include small angular and linear 
deviations of the position or size of machine tool structural 
units from the rated location. Such deviations are due to the 
quality of assembly, gaps in the mated parts, resizing due 
to thermal or force deformations. These errors are always 
pre sent in machine tool structural units. The ordered set of 
input (machine tool) and output (technological) errors rep-
resents the corresponding vectors V and T.

Output, or technological, machining errors are deviations 
from the predefined shape of the machined surface (extreme 
SF link) or a change in manufacturing dimensions caused by 
a set of input errors.

In the equation, planes serve as a weight function to ave-
rage the effect of errors within the area of the machined sur-
face on the transfer coefficients. The total area and the area 
of individual elements are conveniently measured within the 
technological coordinate system (CS), which is connected to 
the machined part. An end surface manufacturing is described 
by the movements of feed within the machine-tool CS.  
The coordinates are related through the Jacobian transfor-
mation. The equation does not answer the question of how 
the shape formation affects the final accuracy of machining.

However, there remain unresolved issues related to tak-
ing into consideration the size of the machine tool structural 
units and the impact of force loads, and the resulting rigidity  
of the elastic system. In addition, it is proposed that the 
connection between the machine tool (input) and techno-
logical (output) parameters of the machined surface should 
involve the Jacobian transformation, the technique of finding 
which is not specified. Moreover, there is no explanation of 
the proposal on using the derived transfer coefficients bet-
ween errors. This procedure requires simplification.

The task of establishing optimal accuracy can also be re-
solved by other methods, for example, by solving the vector 
equations jointly or by a variation of SF. 

Paper [2] reports the results from a theoretical study of 
machine tool accuracy in order to compensate for failures 
using numerical control. The paper demonstrates a universal 

aspect. Errors are compensated by numerical control. The ac-
curacy of the ends’ machining was not considered separately.

Study [3] shows that Jacobian is used for multi-coordi-
nate processing. The technique is presented in order to sepa-
rate the geometric errors of machine tools from other sources. 
But the issue of accuracy when finishing flat surfaces for  
a specific type of machine tool remains unresolved. 

Work [4] demonstrates that machining performance is 
affected by the position of the contact line (CL), which deter-
mines the shape formation by a tool at machine tool. The orien-
tation angle v of grinding machine headstock in a vertical 
plane is necessary to improve performance when a tool’s end 
surface is included in the rough shaving process. However, 
the issues of accuracy were not considered in the cited work.

Paper [5] addresses improving the effectiveness of two- 
sided grinding of the ends. One issue is the accuracy of the 
ends for the proposed tool dressing technique. The influence 
of mutual connection of the orientation angles of the grinding 
machine headstock is considered. The authors applied a meth-
od of solving vector equations, which implies sequentially 
finding the intersections of the surface of a circle with a family 
of the part’s generatrix. The method makes it possible to find 
the optimal ratio between the orientation angles of the grind-
ing machine headstock. This ratio is 1.56. When comparing 
the influence of orientation angles, it turned out that the 
error is more influenced (by approximately 1.57 times) by the 
orientation angle ν in the vertical plane. The angles’ influence 
acquires different signs, so values can be adjusted.

Work [6] considers increasing the accuracy of shape for-
mation of the ends of car parts during two-sided grinding. 
The calculation procedure is given only for the variational 
method and the predefined technique to dress the circle. 

Paper [7] simulated the effect of emerged geometric and 
temperature errors in the case of multi-coordinated machining.

Work [8] reports an accuracy model for the case of ma-
chining ends at a two-sided machine tool. It is believed that 
shape formation is carried out by the edge of a circle of a larger  
radius. This is true only for flat-end machining. The results 
reported in [4] made it possible to determine the position of 
the contact line, which is not taken into consideration in the 
cited work. It is the position of the contact line that deter-
mines the resulting accuracy and makes it possible to take 
into consideration a change in the profile of a worn tool. The 
above accuracy model can be simplified, which affects the ef-
ficiency of calculations. The rational ratio between the orien-
tation angles of grinding machine headstocks is determined.

Thus, the issues of shape formation and machining ac-
curacy at a machine tool are considered separately. There  
is no connection between these characteristics of the grind-
ing process.

3. The aim and objectives of the study

The aim of this study is to improve the accuracy of grind-
ing the side ends based on establishing the effect of shape 
formation on the accuracy of machining at the machine 
tool of model 3342 ADO. That would make it possible to 
reduce and mutually compensate for the errors of mating the 
machine tool structural units in order to ensure an optimal  
ratio of angles.

To accomplish the aim, the following tasks have been set: 
– to improve the SF of a machine tool by taking into 

consideration the CL equation; 
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– to investigate and compare calculations involving expe-
rimental data; 

– to determine the optimal ratio for the orientation  
angles of machine tool structural units.

4. Materials and methods to study the influence of shape 
formation on the accuracy of side-end grinding

The study object is the influence of shape formation 
on the accuracy of two-sided grinding of the side ends of  
blanks of a round cross-section at the machine tool of mo-
del 3342 ADO (USSR) [4–6].

The advantages of choosing this particular machine tool 
and a workpiece are the following factors.

The machine tool (Fig. 1) belongs in the accuracy class A  
and is characterized by high performance; it is used in the 
finishing operations for two-sided grinding of parts’ ends. 
The machine tool has an elongated SF where the shape of the 
tool is obtained during the dressing process; this tool then 
is used for finishing the shape formation of the surfaces of 
parts’ ends.

The simplest round form of the cross-section of the ma-
chined surface, the area of which is determined as S S= ∫∫d , 
or S = π∙r2, where r is the radius of a part (r = 10).

The end surface of part 6 (Fig. 2) is characterized by  
a minimum number of errors – the total angular deviation Λ 
from the perpendicularity of the end. The unit vector of the 
normal to the rated surface of the part (ort) at the selected 
position of the coordinate systems is directed along the  
Z axis (Fig. 1), therefore:



n
T= [ ]0 0 1 0 .  (2)

Calculation methods:
a) solving vector equations;
b) variation method;
c) using the matrices of the transfer coefficients.

Fig.	2.	Surface	elements	of	part	6:	generatrix	1,		
the	element	of	area	dS

5. Results of studying the effect of shape formation  
on the accuracy of grinding the ends 

5. 1. Improving the machine tool SF by taking into con-
sideration the CL equation

The input machine tool errors could be represented by the 
orientation angles of grinding machine headstocks in the verti-
cal ν and horizontal γ planes used to efficiently machine the ends 
when the required accuracy is achieved at high performance.

The radius-vector of points on the end surface of part 
6 machined at the machine tool 3342 ADO for SF when con-
sidering the CL position of grinding circle 2 and the size of 
the links is determined from equation [4]:
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where А1, .., А6 are the SC conversion matrices that simulate 
shifts and turns along and around axes [1]; θ, ρ are the pa-
rameters of the end surface of the part, predetermined by the 
position of the contact line θ(ρ) and the rotation of drum 5  
that feed the parts that are responsible for the angular and 

radial position of an arbitrary point 
of the machined end; Хс, Yc, Zc are 
the dimensions that determine the 
position of the center of spherical 
support 3, around which the grind-
ing machine headstock is oriented,  
relative to feed drum 5 [4, 5]; Rb is  
the distance between the axes of 
workpieces 6 and feed drum 5;  
Rmax, Zmax are, respectively, the 
radial and axial dimensions that 
characterize the position of the 
shape-forming edge of circle 1, 
formed by the movement of dia-
mond pencil 4; e4 = [0 0 01]T is the 
radius-vector of the moving point.

Equation (3) describes SF and 
makes it possible to transfer the 
shape-forming points of the end sur-
face of an abrasive tool to the CS of 
the machined surface of the part –  
a zero link. The transfer occurs se-
quentially through all the interme-
diate machine tool structural units 
taking into consideration their size. 

 

Xk 

Zk 

Ob 

Rb 

Fig.	1.	Schematic	adjusting	of	machine	tool	3342	ADO	for	machining	the	ends	of	parts:	
1	–	grinding	circle	with	a	shape	formation	area;	2	–	grinding	machine	headstock;		

3	–	spherical	support;	4	–	diamond	pencil;	5	–	drum	to	feed	the	parts	with		
the	place	of	installation	of	a	diamond	pencil;	6	–	part
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The coordinates of the points of the machined surface are 
the functions of the machining parameters:



r X Y Z
T

0 1β ρ β ρ β ρ β ρ, , , , .( ) = ( ) ( ) ( )   (4)

A workpiece, as a zero or extreme SF link [1–3], char-
acterizes technological (output) errors. To determine Тl of 
the technological (output) l-th error, one finds an SF vector 
error, which, in turn, consists of errors in the base drb



 and 
position drn



.

∆
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where drb is the error of surface basing relative to the rated 
location due to small shifts and turns; drn is the position error.

Positional errors drn



 characterize the processes of long 
or medium action time, which, for example, can be caused by 
thermal deformities, aging processes of links [9–11].

In turn, the base errors 


rb β ρ,( )  due to the rated location 
are divided into small linear and angular displacements. So, the 
vector error of the end surface relative to the rated location, 
both for a workpiece and any other link, is found as follows [1]:

∆
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where εb is the general matrix of the input (output) errors of 
the link, which takes into consideration unknown small shifts 
and angular orientations relative to the rated CS [1×3]:
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Elements of the general matrix εb characterize the an-
gular orientation and small shifts around and along the coor-
dinate axes of the link [1, 3]. 

During the machining of flat surfaces, the elements δxb, 
δyb and γb of the general matrix εb, which determine the small 
shifts along the X, Y axes and the angular orientation around 
the Z axis, lead only to the slip of the plane «by itself». The 
element δzb can be adjusted, for example, by moving the tail 
spindle of the grinding machine headstock.

Disregarding the infinitely small of the second order, 
equation (5) for determining the vector error of the base sur-
face relative to the rated plane of the end can be represented 
in the following form:

∆
 



r r

D D D r
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where D1, …, D6 are the matrices of errors of the individual com-
ponents of displacements relative to the coordinate axes [1–3]. 

The T vector of output technological errors can be repre-
sented in the following way:

T bz b b

T= [ ]δ α β .  (9)

5. 2. Investigating the calculation and experimental data
The problem of improving the accuracy of grinding 

flat surfaces was analytically solved by three different me-
thods [5, 6, 8]:

a) by solving the vector equations of the surface of the 
circle and the family of generatrix;

b) by a variation method;  
c) by using the matrices of transfer coefficients.
Consider each method:
a) Work [5] gives the machine tool SF taking into con-

sideration the size of the links. This SF made it possible to 
analyze the machining of end surfaces at the flat end of the 
circle. The final accuracy is obtained at the output of the 
mathematical model of a workpiece from the machining zone 
with a shape-forming section of the profiled abrasive tool.

b) In studies [1, 6], the optimal accuracy is found in 
a more expedient way – through the variation of the machine 
tool SF. Elements of the variance matrix are found from the 
results of measurement, or calculation.

With a rational value of the angle ν, which is prede-
termined by the productive rough shaving, the angle γ0 is 
adjus ted in the horizontal plane in order to improve accuracy. 
The initial value of angle γ0 can be selected through the ratio-
nal γ/ν ratio, followed by value clarification. 

Consequently, the desired vector of input V machine tool 
adjustment errors includes the following as its elements: the 
angle ∆γ of adjusting the orientation of grinding machine 
headstocks and the size ∆z of the axial position of their tail-
gate spindles δ γ= [ ]∆ ∆z

T
.

The profilogram in Fig. 4 is used to construct, through 
equal angles, or based on the above calculations, a vector of 
length p (where p < k) for peripheral points from the errors ∆, 
measured in the direction of normal to the end. 

The input errors caused by the orientation of grinding 
machine headstocks at a point with parameters β, ρ are de-
termined as a variation of SF:
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where D4, D3 are the matrices of input errors around the 
X axis, and along the Z axis.

The elements of matrix M the size of p×2, caused by the 
orientation of grinding machine headstocks at the point of  
a workpiece with parameters β, ρ, are determined by mapping 
a vector error onto the direction of normal:

M V V nz=   ⋅
�� �� �

γ .  (12)

Solve the matrix equation M∙δ = ∆ [1, 6] that produces  
the errors sought:

δ = ⋅( ) ⋅ ⋅
−

M M MT T1
∆.  (13)

For initial angles ν = 1/400, γ = 1.37∙ν, they received an 
adjusting error value δ = −[ ]0 001 0 098. . .

T

c) in work [8], the problem is solved using a matrix of 
transfer coefficients.

In the form of a matrix product [1], the relationship bet-
ween machine tool errors (the grinding machine headstock 
orientation angles) and output technological errors, which 
characterize deviations from the perpendicularity of the end, 
takes the form T = W·δ, or:
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They derived the following value:
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− −
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5. 3. Correction of machine tool errors
Consider the correction of angles for each method:
a) The optimal ratio of the headstocks’ orientation an-

gles [5] was determined stepwise by jointly solving the vec-
tor equations of the family of generatrices 6.1 of the billet to 
the surface of abrasive tool (Fig. 1–3). The comparison was 
carried out along the Z coordinate, which is responsible for 
the axial direction. Such a ratio of orientation angles was 
considered the best at which the difference in coordinates 
took the minimum value.

Changing the orientation of the angle γ reduces the error 
in the end’s shape formation. It is this angle that determines 
the choice of the shape-forming section, which would provide 
the least value of the end machining error.

b) Find the correction of angle ∆γ for angles ν, γ0. The 
following equation determines the optimal ratio of the head-
stocks’ orientation γ/ν = 1.57 (Fig. 3):

γ
ν

γ γ
ν

k =
+

≈0 1 58
∆

. .  (15)

We acquired profilograms of adjusted surfaces (Fig. 4), 
the errors of which did not exceed the value of 2 µm for  
a wide range of change in the angles γ, ν.

Fig.	3.	Starting	position	1	and	the	adjusted	end	2

Fig.	4.	Profilogram	of	the	machined	end	surface

In addition to the errors caused by the perpendicularity 
of the position of the machined end, which is estimated by 
angle α βb b

2 2+ ,  the mathematical model makes it possible 
to determine the degree of scattering around the base plane 
through the variance of s2 (Fig. 4):

s β ρ β ρ2 21
= ⋅ ( ) − ( ) ∫∫S

r r Sn b n
s

∆ ∆, , ,. d  (16)

where the projection ∆rn(β,ρ) of the output vector error onto 
the normal for the measured points, as well as ∆rbn(β,ρ) for 
the base plane, is determined at the end point; the ratio of 
areas dS/S can be considered as an element of probability [6].

c) Analyzing the obtained value W =
− −
−











0 002 0 0014

0 915 0 583

. .

. .
, [8], 

we can draw the following conclusions on the correction  
of angular errors:

1. The Wαν and Wβν matrix element shows how strongly 
the angle of orientation ν of the grinding head (or γ) affects 
the value of the angular error of the position of the base plane 
αb. The total effect of the angle ν on a change in the angles αb, 
βb, that is the deviation from the perpendicularity of the end 
face, is estimated as W Wαν βν

2 2+ .  
2. The effect of the orientation angles γ, ν of the grind-

ing machine headstocks on the output errors is opposite, so 
changing the value of one of these angles can be partially 
compensated for by the other.

3. The elements of a matrix of transfer coefficients make it 
possible to determine the ratio of the angles when the initial 
error of shape formation takes a minimum value. The sum 
of the output point squares, which determines the resultant 
when oriented around the center of the spherical finger, 
should be minimal α βb b

2 2+ → min.

Fig.	5.	The	result	of	calculating	the	corrected	position		
of	the	rms	base	plane

The total angular error of the shape formation of the end 
is determined from the following equation:

Λ γ ν ν γ ν γαν αγ βν βγ. min.( ) = ⋅ + ⋅  + ⋅ + ⋅  →2 2 2
w w w w  (17)

The chart of this function is shown in Fig. 6.
Upon finding and making the derivative zero, one de-

rives the optimal ratio of the orientation angles of grinding 
machine headstocks, which provides the best accuracy of the 
shape formation of ends:

γ
ν

αν αγ βν βγ

αγ βγ

= −
⋅ + ⋅

( ) + ( )
=

w w w w

w w
2 2 1 57. .  (18)
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Fig.	6.	Ratio	of	the	orientation	angles	of	a	grinding		
machine	headstock,	which	determines	the	minimum		

error	of	shape	formation

Our study results are in good agreement with those re-
ported in [4–6] and could be used to diagnose the grinding 
machine performance.

The resulting expressions can be generalized for other 
mated parts of machine tool structural units [10–12]. 

The input errors that occur when basing a part in the hole 
of the drum that feeds blanks are determined similarly:
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In a matrix form, the ratio involving the technological 
errors takes a similar form to equation (14).

The angular error is determined by the total transfer 
coefficient equal to 1.09, while these coefficients for the 
orientation angles of grinding machine headstocks ν and γ  
in the vertical and horizontal planes accepted lower values 
and could be partially compensated.

At a certain value of the angular error j, the tangent of 
which is determined by the ratio of the gap to the length  
of the base in the drum of workpiece feed, the deviation from 
the perpendicularity of the end may be even greater. In addi-
tion, the presence of gaps can cause fluctuations in the move-
ments of the blanks and lead to a deterioration in the quality 
of machining and a decrease in the stability of the tool.

This error is the largest of all the considered, which 
characterizes the deviation of the base surface from perpen-
dicularity and cannot be corrected due to random nature. 
Therefore, reducing the error requires improving the base 
of blanks in the drum holes, for example, by improving the 
structure through force fixation, etc.

Errors in the machining of the end surface occur due to 
deviations in the position of the drum of the workpiece feed 
from the rated one. This can be caused by force exposure with 
insufficient spatial static and dynamic rigidity of the elastic 
system of the machine tool [13]. Such errors are determined 
in the same way as the above procedure [14]. 

This error, caused by inaccuracies in the assembly of the 
machine tool, may appear due to the force deformations of 
the feed drum, or gaps in its supports.

6. Discussion of results of studying the impact of shape 
formation on the accuracy of end grinding

The contact is limited by the position of the analytically 
defined contact line, rather than an extreme edge, as has been 
the case in previous studies. CL that is used to calculate the 
accuracy of the developed SF (3) θ(ρ), takes into consider-
ation the techniques of tool dressing or tool wear. The deve-
loped SF leads to the change of equations (8), (11), (12), and 
others. In addition, for other machine tools, this can lead to  
a change in the area S of the machined surface area, taken 
into consideration by equation (1).

Several calculation methods have been tested, namely:
a) solving vector equations of the surface of a circle with 

a family of generatrix; 
b) the variation of a shape formation function; 
c) finding the matrix of transfer coefficients.
Each method has advantages. Thus, the variation of SF (3)  

makes it possible to take into consideration the variance of 
the machined surface while the transfer coefficients (14) de- 
monstrate a relative simplicity of determining and the possi-
bility to calculate other mated parts of machine tool struc-
tural units. 

Experimental studies do not contradict our calculations. 
The peak in the profilogram likely corresponds to the final 
deformation of a workpiece through the fastening with 
a screw in the feed drum window (Fig. 4).

Mutual compensation for errors and mated parts in ma-
chine tool structural units has been achieved. The optimal ra-
tio (15) and (18) between the orientation angles of grinding 
machine headstocks is ensured. The found error in the results 
from theoretical calculations by different methods does not 
exceed 1.5 %. The experimental findings do not contradict 
the estimated data (Fig. 3–5). 

The content of the elements of matrices of variation and 
transfer coefficients has been substantiated. Our comparisons 
of the orientation angles of the grinding machine headstock 
relative to the drum of blank feed showed close results.

The constraints are the range of change in the angles γ, ν,  
which are due to the limit values of the allowance and, ac-
cordingly, the maximum performance. 

The limitation of this study is the absence of unambi-
guous angular fixation of parts during the machining and 
measurement of the profile. This should be eliminated, 
which would lead to a more objective nature of the data 
obtained.

Our results could be used as diagnostic signals to find 
sources of machine tool errors. The findings could be genera-
lized both for the mated parts in machine tool structural 
units and for other models of machine tools.

7. Conclusions

1. A shape formation function determines the final accu-
racy of machining. We have improved the shape formation 
function by refining the position of the contact line. The 
effect on accuracy is due to a change in the position of the 
contact line, which is predetermined by the orientation an-
gles, or other machine tool errors. Another factor influencing 
accuracy is resizing the contact area.

2. Achieving the required accuracy of grinding flat sur-
faces can be checked using one of the following methods: by 
solving vector equations; through the variation of a shape  
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formation function; with the help of a matrix of transfer  
coefficients. The method of transfer coefficients has con-
firmed the relative simplicity, versatility, and convenience of 
correcting machine tool errors.

3. The optimal ratio between the orientation angles of 
the grinding machine headstock as a machine tool structural 
unit has been derived, which is equal to 1.57. The error of the 
estimation and experimental data is within 1.5 %.
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