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Abstract

The article describes a method for calculating the motion trajectory of a turning tool on a numerically

controlled machine to compensate elastic strain when processing a raw part. When sharpening rotary bodies

with low rigidity, elastic strain occurs under the action of the cutting force Py, that has a negative impact on

the accuracy of the machined surface. As a result, a fault appears in the barrel-shaped and saddle-shaped form,

or a combination of these faults, depending on the rigidity of the machine and its individual parts. Based on a

mathematical model of elastic strain with a constant cutting depth, this fault had been determined, which was

subsequently compensated by the use of a modified trajectory. Thus, when processing, the required diameter is

obtained with minimal defects, which in turn will have a positive impact on the reduction of the processing

steps of the entire detail, as well as the reduction of mold defect and improving the quality of part process.

Keywords: shaft processing, turning process, computer numerically controlled machine, shape defect,

machining accuracy, shaft deformation, cutting force

1 Introduction
In modern engineering, about 30 % of parts are represented

by shafts, axles, torsions and etc. A significant proportion

of these parts has a low rigid design (the ratio of length to

diameter is 10:1 or more), which leads to their deformation

when processing on lathes [1, 2]. That causes a form defect

(barrel-shaped, saddle-shaped forms and waviness). To in-

crease the accuracy of processing low rigid shafts, several

methods are usually used:

1 Using special devices: lunettes, devices that create

tensile deformations, etc. [3, 4, 5];

2 Changing the feed along the length of the shaft when

processing on the numerically controlled machine

(CNC) [6];

3 Reducing the cutting depth throughout the passage

[7].

Any modern production is aimed at increasing produc-

tivity at minimal cost, so using the first two methods is not

practical, because the first method causes some additional

costs for purchasing additional devices and their implemen-

tation on the lathe. The second and third methods cause a

decrease in productivity because of an increase in the num-

ber of passes or an increase in the passage time when the
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feed changes. When changing the feed during processing

on a CNC machine lathe, steps are formed on the part sur-

face in the places where the tool is standing, which worsens

the roughness of the processed surface [8]. Another option

for controlling the accuracy of processing on a CNC lathe

machine is the introduction of preliminary pre-setting of

the tool path [9, 10].

When conduct a research on this method, the following

tasks were set:

1 The developing a mathematical model of the shaft pro-

cessing along a predistorted path;

2 Verificating the obtained mathematical model for the

achieved accuracy and surface roughness during pro-

cessing.

2 Estimated dependences of elastic strain
The deformation of the technological system when basing

a part with a constant profile length in thecenters is deter-

mined by the known dependence [11].

y = Py
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where x is the coordinate of the force along the length of

the part from the headstock; l - length of the part; J - inertia

moment of the part; E - the elastic modulus of the material

of the part; ωhs, ωts, ωc - compliance, respectively, of the

front headstock, tailstock and caliper; µ - dynamic coeffi-

cient. The cutting force Py is determined by the equation

[12]:

Py = 10CpvuSxtzKp (2)

where Cp is a constant coefficient; v - cutting speed; S -

feedrate; t - cutting depth; u, x, z - power coefficient, Kp -

correction factor.

The deformation of the technological system when bas-

ing parts constant along the profile length is determined by

the dependence [13]:

y = Pyωts, (3)

where Py is a component of the cutting force, and ωts is the

flexibility of the technological system.

We should take into account the deformation of the tech-

nological system when processing low rigid parts in such a

way when the deformation is compensated by changing the

cutting depth. Then the cutting force will be determined by

the equation:

Py = 10CpvuSxKp(t + y)z (4)

So the magnitude of the elastic strain changes, which

leads to a change in the cutting force and subsequent elastic

strain, but with smaller deviations. Based on the analysis of

the obtained data, the correction of the cutting depth can

be limited by changing the amount of deformation at the

nominal cutting depth increased by the ratio of the changed

cutting force Py taking into account the deformation y at a

given initial t on the cutting force at the nominal cutting

depth.

We derive the equation based on Eqs. 2 and 4:

i =

(

t + y

t

)z

(5)

Finally, the cutting depth at a particular point will be cal-

culated by the formula:

tcalc = t + yi (6)

An example of the flexibility of a technological system

when processing low rigid parts on lathe machines without

the using special supporting devices (e.g. lunette) is shown

graphically (Fig. 1)

Figure 2 illustrates the dependence of elastic strain for

different processing approaches and the obtained diameter.

Figure 1 The schedule of deformations and flexibility of the
technological system

Figure 2 Comparison of the diameters obtained and the
trajectory of the tool motion according to the mathematical
model

When a tool moves along a predistorted trajectory, it ac-

tually processes a diameter smaller than required. At this

stage we take into account the elastic strain and the flexi-

bility of the lathe machine, so we finally get a smooth shaft.

3 Methodology and test results
Workpiece sizes: 320x28 mm

Material: Steel 45

Material hardness: 36-39 HRC (based on measurements)

The chemical composition is shown in Table 1.

Testing the Eq. 4 required processing several shafts when

basing center-center. Each shaft was machined in several

passes from a diameter of 28 to a diameter of 21 mm. Cal-

culating the predistortion on the coordinate of the X axis

from the Z coordinate requires using some Eqs. 2 and 6.

When processing the shaft, the working area was closed

and there was no additional measuring equipment in the

working area, so it was possible to supply Blaser Vasco

6000 cutting fluid.
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Table 1 Chemical composition Steel 45, %

C Si Mn Ni S P Cr Cu As

0.37 – 0.45 0.17 – 0.37 0.5 – 0.8 to 0.3 to 0.04 to 0.035 to 0.25 to 0.3 to 0.08

The results of the shafts measurements during machin-

ing Mitsubishi WNMG080404-MA with a cutter plate are

shown in Table 2. Table 2 shows a clear dynamics for the

appearance of barrel-shaped form in connection with the

impact of the flexibility of the caliper, front and rear head-

stock when passing from one reference point of the pro-

gram to another without using predistorted trajectory.

The subsequent analysis of the table shows the absence

of a fault in the headstock, which is related to its minimal

flexibility on the machine. This confirms the stiffness of

the front headstock compared to the tailstock and caliper.

When processing without predistortion in the coordinate -

160 and -140 mm, there is a maximum deflection, which

is natural. There will be a maximum error of plus of the

finished product in this place. Thereby it forms a barrel

shape. However, achieving the required tolerance in the

shaft system needs another pass. Because of increasing cut-

ting depth to the part middle and low rigid workpiece, the

cutting forces increase, and thereby the ductility of the shaft

also increases. This leads to an additional fault in the mid-

dle of the part. Technological heredity appears during pro-

cessing, that causes increasing costs and using additional

methods to improve the accuracy of the product.

When processing by predistortion, decreasing the error

by 42-50% is observed under similar conditions and diame-

ters of processing compared to turning the shaft in a straight

line. The error changes direction and receives a negative

value related to the nominal size during processing. If the

maximum limit deviation is indicated as a plus, then we

should take this into account when calculating the predis-

torted trajectory, and after that we can proceed from the

maximum permissible shaft diameter. The resulting rough-

ness is not more than Ra 1.6µm.

Figure 3 shows a slight increase of the error with an in-

crease in the ratio of length to diameter when processing

along a predistorted trajectory. These changes are natural,

because the shaft becomes more malleable to the middle

and bends more, but at the same time its error is much less

compared with passes along a straight trajectory.

The results were similar. Moreover, one of the shafts has

an error along a pre-distorted trajectory on a diameter of 30

mm. The maximum error was 9 µm over the entire length.

It is considered to be a fairly high result. It was possible to

achieve such accuracy by preliminary measuring the rigid-

ity of all lathe machine elements with the subsequent sub-

stitution of these values in Eq. 2. The results of the last

passes are shown in table 3.

Figure 3 Comparison of errors in the diameters of workpieces
and the tool trajectory when processing a plate Mitsubishi
WNMG080404-MA

Figure 4 Errors comparison in the diameters of the workpieces
and the tool trajectory when processing by the plate
Mitsubishi WNMG080412-MA

There are some significant deviations in the coordinates

along the shaft length from -240 to -280 mm of the pre-

distorted trajectory along a diameter of 21 mm (table 3).

The hardness difference was 3 HRC. The modes selected

from the reference book [12] for a hardness of 35-36 HRC

were incorrect for a hardness of 39 HRC, and therefore vi-

brations appeared. Such a point change of hardness is re-

lated to the technology violation during tempering. Sim-

ilar vibrations occurred on the shafts with a hardness of

more than 40 HRC in various cutting conditions. The max-

imum error is 9 µm without indications in coordinates from

-240 to -280 mm. Figure 4 presents deviation distribution.

Roughness after processing is no more than Ra 3,2 µm.
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4 Conclusion
The research provides us with these results:

1 The efficiency of the mathematical model is confirmed

when correcting the cutting depth.

2 Accuracy of processing is increased by more than 42%

compared to the traditional processing method.

3 Roughness of at least grade 5 with a cutting depth of

more than 1 mm is achieved.
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Table 2 Deviation miscount of the form from the nominal size

Cutting modes: S = 0.15 mm/rev, v = 100 m/min, l=320 mm

Pass Diameter,mm L/D
Coordinate, µm

δmax

-320 -300 -280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0

1
26

12,31
0 4 11 27 38 48 54 64 67 70 67 59 52 46 42 45 56 70

261 0 -5 -8 -14 -22 -29 -33 -35 -35 -40 -35 -32 -30 -26 -18 -18 -15 40(-42%)

2
24

13,33
0 2 10 25 38 54 65 76 77 80 74 65 51 46 39 35 40 80

241 0 -2 -8 -14 -24 -32 -35 -37 -42 -43 -37 -32 -28 -21 -13 -13 -17 43 (-46%)

3
22

14,55
0 2 16 35 53 75 84 99 101 99 83 80 63 42 27 10 3 101

221 0 -5 -8 -14 -22 -29 -33 -35 -35 -40 -35 -32 -30 -26 -18 -18 -12 56 (-45%)

4
21

15,24
0 1 3 58 86 107 128 143 146 138 131 112 96 67 45 23 13 146

211 0 1 -7 -19 -35 -46 -55 -62 -63 -65 -60 -46 -34 -23 -3 6 8 73 (-50%)
1 with predistortion

Table 3 Deviation error of the form from the nominal size

Cutting modes: S = 0.2 mm / rev, v = 100 m / min, l =320 mm , t = 1.5 mm

Pass Diameter,mm L/D
Coordinate, µm

δmax

-320 -300 -280 -260 -240 -220 -200 -180 -160 -140 -120 -100 -80 -60 -40 -20 0

1
24

13,33
0 2 8 14 25 36 44 48 5 5 41 34 25 15 0 -12 -21 71

241 0 0 -2 3 3 0 1 2 1 -2 -1 -3 -3 -5 -5 -5 -1 13 (-81%)

2
21

15,24
0 3 14 25 40 54 67 78 78 78 69 57 47 30 15 -4 -8 86

211 0 1 16 17 -27 7 9 8 5 3 7 8 9 10 9 1 9 44 (-49%)
1 with predistortion



Figures

Figure 1

The schedule of deformations and exibility of the technological system

Figure 2



Comparison of the diameters obtained and the trajectory of the tool motion according to the
mathematical model

Figure 3

Comparison of errors in the diameters of workpieces and the tool trajectory when processing a plate
Mitsubishi WNMG080404-MA



Figure 4

Errors comparison in the diameters of the workpieces and the tool trajectory when processing by the plate
Mitsubishi WNMG080412-MA
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