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ABSTRACT
This paper presents the evaluation of the influence of the feedmotion speed on the 
value of selected geometric errors of CNC lathe CTX 310 eco by DMG, indenti-
fied by QC 20 Ballbar system. Diagnostically evaluated were: the deviation of the 
axis squareness, reversal spike, and backlash. These errors determine the forming 
of the dimensional and shape accuracy of a machine tool. The article discusses 
the process of the CNC diagnostic test, the diagnostic evaluation and formulates 
guidelines on further CNC operation. The results of measurements were presented 
in tables and diagrams. 

Keywords: CNC machine tool, CNC Lathe QC 20 Ballbar, diagnostics systems, ac-
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INTRODUCTION

The diagnostics of CNC machines is the main 
task during the technological machine operation. 
Each machine tool during operation is prone to 
wearing down over a time span. Therefore, it 
should be tested periodically – and its geomet-
ric condition diagnosed at a required frequency. 
Both the machines already in operation as well 
as the machines ordered by buyers are diagnosed. 
Each such machine is tested and checked before 
it arrives at the customer’s. Both contact and non-
contact methods are used in tests [1–10]. Fre-
quently, some of the measured errors need spe-
cialist testing methods, and in general, these are 
non-contact interferometric methods. The funda-
mental limitation of the stationary interferomet-
ric methods in the machine measurements is the 
considerable time amount needed to set the inter-
ferometer’s optics, especially for the machines 
of a tooling range over a few meters. The pos-
sibility of measuring the whole tooling axis and 
obtaining error information at the full range mo-
tion [1–5] constitutes an undisputable advantage. 
The second group of diagnostic tools are the tools 

based on contact measurements. QC 20 Ballbar or 
Ballbar API Automated Precision Inc. or Ballbar 
DBB 110 by DMG are the examples of contact 
diagnostics and measurement systems (Fig. 1). 

They enable recording the technical condi-
tion of machine tools, comparing and classifying 
various machine tools according to their capacity 
of providing required tooling precision. It is par-
ticularly essential in production companies with 
a big machine park because it allows moving the 
machining tasks of high-precision products to the 
machines which enable such high dimensional 
and shape accuracy [9–15].

RESEARCH METHODOLOGY AND 
EXPERIMENTAL TESTS

Experimental tests were conducted for CNC 
CTX 310 eco by DMG (Fig. 2). During the testing 
the diagnostic system QC 20 Ballbar was used – 
norm defined as telescoping kinematic bar (Fig. 3).

Tests were conducted according to PN-ISO 
230-4 standard. PN-ISO 230-4:1999 regulates 
CNC diagnostics according to roundness mea-
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Fig. 1. CNC diagnostic systems: a) QC 20 Ballbar Renishaw, b) Ballbar API Automated Precision Inc.  
 c) Ballbar DBB 110 by DMG [6–16]

a) b) c)

Fig. 3. QC 20 Ballbar diagnostic tool (kinematic telescoping bar)

Fig. 2. Test stand, CTX 310 eco lathe by DMG

surement in numerically controlled machine tools 
with the kinematic telescoping bar. The signifi-
cant value was the feedmotion speed vf. The value 
of the feedmotion speed was changed in the range 
of 500-2000 mm/min. The measurement results 
of particular errors were presented as diagrams. 

Figure 4 presents QC 20 Ballbar measur-
ing planes. These planes are universal, and after 
transformation are used with reference to CNC 
lathes. Figure 5 presents the experimental test on 
analysed CNC and the lathe kit of QC 20 Ballbar.

Analysed errors: squareness deviation of 
CNC CTX 310 eco axis, reversal spike and back-

lash. During the identification of the squareness 
deviation of axis the diagnostic diagram takes 
the shape of the oval or the shape of a peanut 
rotated aslant at a 45° or 135° angle. The axis 
of the deviation of the diagram is the same for 
both directions of the circular interpolation cycle, 
clockwise as well as anticlockwise. The unit of 
the squareness error, mm/m, can be in the case 
of Renishaw software operating QC 20 Ballbar 
changed into any different unit in the test result 
(such as: angle in degrees, seconds, micrometre/
foot, micrometre/millimetre) by the proper set-
ting of software parameters. The squareness er-
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Fig. 4. QC 20 Ballbar measuring planes

Fig. 5. CNC lathe diagnostics kit: a) tool holder and the holder spindle, b) system mounted on the lathe

a) b) c)

a) b)

ror takes positive values when the angle between 
two axes in the positive direction is over 90°. The 
squareness error takes negative values when the 
angle between two axes in their positive direction 
is less than 90°. The reason for the squareness er-
ror is the deviation of the direction of tested lathe 
axes (e.g. X and Y) from the right angle 90° in the 
area of lathe’s slideways, where the test is con-
ducted. The deviation of the axis squareness can 
be of local character or may be the result of the 
non-misalignment of the lathe’s slideways over 
the whole length of axis. The lathe’s axes can also 
show distortion in the vertical plane (concave, 
convex or slope), causing local misalignments. 
The slideways may show excessive wear causing 
an increase of excessive backlash during motion. 
The effect of the lathe’s squareness error is the 
lack of mutual squareness of the milled planes. 
The repair procedure requires the repetition of the 
test in positions along the slideways of the ma-
chine tool in order to determine if the squareness 
error is local (occurs only in one position) or if it 
occurs along the whole length of the slideways. 
If the error is local, it is necessary for machin-
ing to be conducted in the area of the slideways, 
where the influence of the squareness error is the 
smallest. If the slideways show the squareness er-

ror along the whole length, the correction of the 
slideways’ setting should be made, if possible. 
When the slideways are defective, it is necessary 
to replace them with new ones.

TEST RESULTS AND ANALYSIS 

Analysis of squareness error measurement re-
sults with characteristics

Figure 6 presents the graph of the squareness 
error of axis. The graph takes the shape of an oval 
inclined at an angle of +45º or –45º in relation to 
X-axis. The inclination is constant and does not 
change as a result of the change of movement di-
rection [14]. Its variability depends on the feed-
motion speed. To determine this error the diag-
nostic device QC Ballbar with the kinematic bar 
length R = 50 was used. 

Figure 7 shows the dependence of changes 
of the squareness deviation as a function of the 
feedmotion speed vf for the kinematic bar R = 
50 mm. The smallest value was observed for 
the feedmotion speed vf1 = 500 mm/min and is 
–66.2 µm/m, then for vf2 = 1000 mm/min equals  
–83.2 µm/m, the third measurement for vf3 = 1500 
mm/min is –78.4 µm/m, and the highest value 
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for the feedmotion speed vf4 = 2000 mm/min and 
equals –83.6 µm/m. The graphically presented 
characteristic shows that the squareness error is 
of non-linear character in relation to the feedmo-
tion speed. 

Analysis of reverse spike error measurements

The reverse spike error occurs when the di-
rection changes. The main reason for the error is 
too slow a response from the servo drive to the 
control system signal in the case of the direction 
change. The pie chart diagram presents it as a 
temporary leap of deviation, Figure 8 [14].

During the reversal spike error identification 
the QC Ballbar diagnostics system with the kine-
matic bar R = 50 mm was used. 

Figure 9 presents the process of changes of 
the reversal spike as a function of variable feed-
motion speed vf. The reversal spike in the Z-axis 
for the requested values of the motion is equal 
respectively, for vf1 = 500 mm/min is –0.2 µm; 
for vf2 = 1000 mm/min is –0.7 µm; for vf3 = 1500 

Fig. 6. Example of squareness error diagram [14]

Fig. 7. Changes of squareness error (circle radius 
R = 50 mm) as function of feedmotion speed vf

Fig. 8. Reverse spike error diagram: a) process of circle measurement of reverse spike, 
b) idea of error formation [14]

mm/min equals –2.5 µm; for vf4 = 2000 mm/min 
is –3.7 µm. It can be stated that the decrease of 
the value of the reversal spike in Z-axis is almost 
directly proportional to the increase of the feed-
motion speed. In X-axis the values of the reversal 
spike are of sinusoidal character and are almost 
equivalent, as they equal respectively: –1.8 µm 
(for vf1 = 500 mm/min), –2.1 µm (for vf2 = 1000 
mm/min), –1.9 µm (for vf3 = 1500 mm/min), –2.0 
µm (for vf4 = 2000 mm/min). 

The analysis of the backlash measurement 
results

Figure 10 presents the dependence of the 
backlash on the feedmotion speed. During the cir-
cular interpolation, the backlash can be observed 
in the pie chart as a leap of the motion radius in-
side out or inside of the curve. This error is caused 
by the backlash in the drive system of the lathe or 
in the measuring system, or due to the insufficient 
inflexibility of both. The most frequent reasons for 
this error are: the backlash in the screw-cap link, 
backlash in the gear train of the motor system or 
the wrong strain of the toothed belt. When the di-
rection of motion changes, one of the axes begins 
the motion with delay (Fig. 10). This error is ob-
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Fig. 9. Dependence of reversal spike as function of 
feedmotion speed variability in XZ plane  

of CNC lathe CTX 310 eco by DMG

served specifically in lathes with indirect measur-
ing system. To delete the error it is necessary to 
remove the cause, that is to delete the backlashes 
in the measurement or motor system. It is also 
possible to compensate for the backlash directly 
in the control system of the lathe but it requires 
thorough measurement of the positioning accu-
racy along the entire length of the axis feedmotion 
[14]. During the reversal spike error identification 

Fig. 10. Schematic example of backlash: a) error diagram, b) reason for error formation [14]

Fig. 11. Backlash as function of feedmotion speed for: measuring radius R = 50 mm, 
XZ measurement plane and test angle of 360°

the QC Ballbar diagnostics system with the kine-
matic bar length R = 50 mm was used. 

Figure 11 presents the diagram of changes of 
the backlash as a function of feedmotion speed 
variability. The diagram shows that the backlash 
is of non-linear character. The smallest value for 
the backlash in X-axis was observed for vf3 = 
1500 mm/min and is –1 µm, and for Z-axis for vf2 
= 1000 mm/min and equals 1.9 µm.

CONCLUSIONS

The presented test results of the geometric ac-
curacy relate to the numerically controlled CTX 
310 eco lathe. QC20-W Ballbar diagnostic kit 
was the measuring and control device. The tests 
aimed at defining and characterising main geo-
metric errors of the machine tool, i.e. roundness 
error, axis squareness error, reverse spike and 
backlash. Numerous different errors measure-
ments may be carried out using QC20-W Ballbar 
system. However, the errors analysed here, have 
the greatest impact on the dimensional and shape 
accuracy of machining. 
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The feedmotion speed increase influences 
the value of the roundness deviation variable, the 
higher the feedmotion speed, the higher the value 
of the deviation. In the presented example, for 
three feedmotion speeds vf1 = 500 mm/min, vf2 = 
1000 mm/min, vf4 = 2000 mm/min the value of 
the roundness error increases slightly and equals: 
11.1 µm, 11.3 µm and 11.6 µm respectively. 
However, for the adopted feedmotion speed vf3 = 
1500 the local growth of deviation of up to 13.6 
µm takes place, disrupting the linearity of results. 
This deviation tendency might be caused by local 
errors of the measuring and control lathe systems. 

The squareness error is the second error iden-
tified by QC20-W Ballbar system of CTX 310 eco 
lathe. Figure 7 shows the summary of the results. 
The presented characteristics show non-linear 
character of changes of the squareness error value 
as a function of the feedmotion speed vf. 

During the next error identification – the re-
versal spike – it was noted that the increase of 
the feedmotion speed is in line with the increas-
ing value of the reversal spike in Z-axis. The 
value of the reversal spike in X-axis remains 
almost the same. In X-axis the process is of  
non-linear character and in Z-axis linear (Fig. 9).

The backlash is the next presented error. 
Figure 11 presents the dependence of the back-
lash value as a function of the feedmotion speed 
variability. The given characteristics show  
non-linear character of the tested function. The 
diversity of the backlash test results did not show 
the dependence of the feedmotion speed and the 
test results. 

The errors and the deviations occurring in 
machine tools constitute a very important issue 
because they result in the lathe’s tooling accuracy 
and therefore, the quality and precision of ma-
chining a particular product. 

It can be stated, on the basis of test results, 
that the roundness deviation depends on the feed-
motion speed. To minimise its negative influence 
on the machine tool performance the reduction 
of the remaining errors is necessary, as well as 
making sure if the appropriate motor regulation 
was set and if the control disruptions do not oc-
cur. The reversal spike depends also on the feed-
motion speed and, as it results from the Z-axis 
tests, it changes linearly. It also has a significant 
influence on the value of the roundness deviation. 
The reversal spike may be the result of the con-
trol system defect and a great delay in the servo 
drive response. The backlash does not depend on 

the feedmotion speed. It can result from an incor-
rect motor regulation, inter alia, wrongly selected 
backlashes, as well as the backlashes resulting 
from the lathe’s elements wear. The squareness 
stems from the misalignment of the slideways 
relative to each other, as well as their wear and 
deformation. In order to avoid the error increase 
it is necessary to control the slideways’ condition 
and the correction of their alignment. 

CTX 310 eco lathe meets expectations, how-
ever, it is hard to state it clearly for the reason that 
the working area of the machine tool is limited. It 
prevents more tests using various length of the ki-
nematic bar, and therefore, the measurement had 
to be made at one measurement position. 
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