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Abstract: In this paper the geometric
machine with three axes X, Y, Z 
accuracy, important in the precise
cal milling machine, configured
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using components and assemblies
ments, besides the deviations in the movement direction, 
rection, three deviations are defined
εy, εz. Finally, based on the determined values,
ment corrections in part NC progra
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1. INTRODUCTION 1 
 

Machines and modern technology are characterized 
by flexibility, simulation possibilities and adaptation to 
manufacturing complex parts, one of a kind or limited 
series [4]. In processing parts with high
machine tools, an important factor is the guide
tuators imprecision. To reduce or to eliminate
back regarding the processing imprecision
rection is applied to the feed screw along the
direction.  

The method of determining the guides configuration 
through the construction and adjustment
that the current measurement method does not 
ize enough the table or saddle movements
errors [5]. 

An improved approach is proposed that is 
for the accuracy of the geometric measurements [12, 13]
About this, the correction values of a
processing a part on a NC machine tool
mined with greater accuracy. The existing
make possible the application of corrections
direction [15]. The parts surface generation
with smaller deviations. 

The analysis of the possibilities of
with complex surfaces shows that the 
NC controlled machine tools is extended
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geometric volumetric accuracy of the machine tools is defined
, Y, Z is considered and a methodology is proposed for evaluating the
precise processing of parts. The application is based on the structure of a

configured on computer. The deviations from the evaluation are useful in
 the machine tool. The geometric analysis of the machine tool

assemblies that provide displacements in the three motion directions.
in the movement direction, spatial deviations exist. In each displacement d

defined for linear positioning δx, δy, δz and the roll, pitch and yaw errors,
determined values, it is presented how these deviations are applied to 
program. 

linear displacement, pitch, roll, geometric errors, volumetric accuracy,
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resulting from the ideal motion
assemblies can be determined and compensated 

The theoretical support of this paper is based on the 
concept of a generalized machi
model in computer. This concept was applied for the first 
time in the paper [6] and then completed in [7]
concept of virtual machine tool is used and developed in 
previous papers of the authors (
Costin Sandu). 

According to this concept, their configuration is an
lytically defined: the form of the cutting edges (Fig. 1), 
the position and movements of the machine tool
elements, the displaying in time of the generating m
tions.  

These generating motions 
along or around an axis (couple shaft
guides) of the coordinates system attached to each fixed 
or mobile element, which takes part into the generating 
process [1, 6, 7]. 

 

 
Fig. 1. Cutting tool with cutting edge definition used in 

generating theory.
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each displacement di-
roll, pitch and yaw errors, εx, 

these deviations are applied to imple-

, NC program, com-

motions of the machine tool 
can be determined and compensated [9, 17]. 

The theoretical support of this paper is based on the 
t of a generalized machine tool consider as a 
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concept of virtual machine tool is used and developed in 
previous papers of the authors (Constantin Sandu and 

According to this concept, their configuration is ana-
lytically defined: the form of the cutting edges (Fig. 1), 
the position and movements of the machine tool moving 

in time of the generating mo-

These generating motions are mainly performed 
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In practice it was found that some deviations from 
the motion paths of the machine tools assemblies are 
larger than others [8]. For example, those along a direc-
tion of movement are higher than those in the perpen-
dicular direction. To increase the processing accuracy, 
corrections are applied by adding or removing an am-
mount of the measured value in the direction of the ana-
lyzed movement. For this, in the measurement system 
memory there is a table of corrections. This system 
needs tens of µs of the microprocessor time during exe-
cution and it fits in real time execution. 
 
2. THEORETICAL ASPECTS 
 

The basic elements of generating a curve are briefly 
presented in Fig. 2, where: T represents the cutting edge 
placed in its initial position (T0), at moment w (Tw) and 
namely at moment w + ∆w (Tw+∆w); P − part, [ST] − to-
pographic area; MwMw+∆w − fragment generated on sur-
face [ST] by the cutting edge, between moment w and 
moment w + ∆w; SP − the coordinates system attached to 
the piece and (C) – motion path of the cutting edge. In 
the analyzed case, this has one of the axes as an axis of a 
rotation of the machine [6, 11]. 

The cutting tool (Fig. 1) is characterized by one tooth 
or teeth having cutting edges analytically defined. 

The movement along the curve (C) is provided by 
two branches, of the tool and of the part. 

Another element is represented by the coordinate sys-
tem XYZ. The next element which supports the virtual 
machine performing is the definition of the topographic 
planes of the part used in creation of generated surface. 

The process of assessing the geometric accuracy 
takes into account that for the movement directions X, Y, 
or Z there are measured errors δx, δy, δz. These are proc-
essed and inserted in the NC part program as corrections. 
Numerous scientific papers present methodologies for 
the evaluation of the geometric accuracy [2, 16] during 

movement on an axes (e.g. X), where three linear errors 
δxx, δxy, δxz, and three rotation ones εxx, εxy, εxz [3, 4, and 
14] are considered but not applied in the part NC codes. 

Considering that the machine tool table (1) moves in 
X direction (Fig. 3), it is chosen a point M (xM, yM, zM) in 
the workspace (2) which measures the linear motion 

 

 
 

Fig. 2. Generation elements. 

 
 

Fig. 3. Error definition in a point. 

 
errors δxx, δxy and δxz along the coordinate axes X, Y, Z 
and the angular movement errors εxx, εxy and εxz around 
the respective axes. In Fig. 3, the frame origin coincides 
with the workspace origin O (0, 0, 0).  

The measurement errors have indices composed of 
two letters, the first letter indicating the direction of 
movement, and the second one the direction of errors for 
the linear axes or around which axis the circular errors 
are measured. The term δ indicates the linear errors and ε 
the circular ones. 

This paper proposes the approach of the motion er-
rors of each moving element (table, saddle, and head) in 
the longitudinal direction X, transversal Y and vertical Z, 
namely: 
• for the movement in the X direction, two more linear 

errors δxy and δxz and three rotational errors εxx, εxy, εxz 
are added to the error δyy; 

• for the movement in the Y direction, two more linear 
errors δyx and δxz and three rotational errors εyx, εyy, εyz 
are added to the error δyy; 

• for the movement in the Z direction, two more linear 
errors δyx and δxz and three rotational errors εzx, εyy, εyz 
are added to the error δyy; 
The basis of the virtual machine construction consists 

of an ample computing program elaborated and checked 
in time on various practical applications. The program is 
modularly created, having interfaces communicating 
with the operator and machine. 

 
3. APPLICATION 

 

In operation of the machine tools, their table move-
ments must be done accurately. This aim is enabled by 
the machining accuracy of machine parts, alignment and 
fastening of the guides. The table motion is influenced 
by the guide geometric shapes achieved by processing 
and aligning during mounting, and also by positioning 
some adjustment elements of the machine tool with re-
gard to the foundation. 

 
3.1. The measuring method  

To measure the geometrical precision of the machine 
tool [5, 11] standard devices (rulers, angles, prisms, and 
columns), levels, optical devices (telemeters, laser) are 
used. 

An example of using the level is represented in Figs. 
4,a  and  4,b  where the motion precision measurement in 
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Fig. 4. Actual accuracy test: a, b – level; c, d – ruler. 
 

two perpendicular directions is done using a level (N), 
placed and positioned successively in different locations 
on the machine table. 

In Figs. 4,c and 4,d the measuring scheme of the mo-
tion precision using a standard ruler (R) (with two sur-
faces perpendicular, respectively parallel to the move-
ment direction) is presented. The reading is performed 
on both surfaces with a dial gauge C placed in a fixed 
position on the bed frame. 

During the experimental determinations made over a 
period of time it was found that this measurement 
method does not fully characterize the precision of table 
motions.  

The construction of each table is characterized by 
three bearing surfaces. The geometric accuracy is deter-
mined by the precision of machined surfaces, assembling 
accuracy, or by the deformation introduced by the fasten-
ing components. 

For assessing the precision of the machine tool, a 
measurement scheme is proposed in the analyzed case   
(Fig. 5). 

It is considered the measuring precision of the table 5 
motion and of the transversal saddle 14. 

 

 
 

Fig. 5. Proposed accuracy test. 

The measurement reference elements consist of sur-
faces of some assemblies or structural elements of the 
machine tool or standard rulers.  

Thus, for each direction of movement, the standard 
rulers are mounted, namely: ruler 12 for motion in X 
direction, and ruler 6 for Y direction. Ruler 12 is fixed in 
the transversal saddle 14 through the elements 11 and 
ruler 6 is fixed by the elements 10 on the bed 13. Each 
ruler is palpated on the two surfaces by dial gauges 9 and 
7. To measure in an optical way, it is used the prism 8 
mounted on the machine tool table in selected points. 
The vertical saddle (head) 2, containing the main shaft 3, 
is moving in the Z direction on column 1. The transversal 
saddle 14 is moving on the bed frame in the Y direction. 
Surface 4 is the working surface on level Z = 0. 

There are supplementary errors due to inaccuracies of 
motion in the three directions X, Y and Z, measured by 
the optical prism 8. These errors are caused by the trans-
formation mechanisms of the rotation into translation or 
by imprecision of the linear electric motors. 

 
3.2. Results analysis 

For example, the measurement was made on the NC 
machine tool shown in Fig. 5. Three measuring points A, 
B and C are considered on the machine table and three 
more points D, E and F on the vertical saddle. In the 
established measuring points the deviations of each one 
in X, Y and Z directions are determined. The measure-
ment phases correspond to the machine table movement 
in X direction (500 mm) and the Y direction (400 mm) on 
the length of their movement. For the vertical head mo-
tion on along the column, the measurement is done in Z 
direction (350 mm). 

The cause of the errors is the imprecision of guides 
and deformations that occur due to the weight of some 
assemblies and of structural elements that compose the 
machine tool [10]. The measured data result in diagrams 
of displacement errors. 

 

 
 

Fig. 6. Positions of the measuring points A. B, C, D, E, F. 
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Fig. 7. Linear errors for point 

 

 
Fig. 8. Linear errors for point 

 

 
Fig. 9. Linear errors for point 

 

 
Fig. 10. Linear errors for point 

 
According to the measurement data and calculation 

methodology the geometric motion errors on
were determined: X (Figs. 7, 8, 9), Y (Figs.
and Z (Figs. 13, 14, 15). 

In these figures the corresponding errors
tioned movements are represented in the limits of the 
motion strokes. 
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for point A. 

 

Linear errors for point B. 

 

Linear errors for point C. 

 

Linear errors for point A. 

According to the measurement data and calculation 
errors on three axes 

(Figs. 10, 11, 12) 

errors for the men-
in the limits of the 

Points A, B, C, and D, E, F
machine tool table or of the 
During the movement, these two planes are rotating 
about the axes, resulting the well 
yaw.  

Values of the respective errors
calculation and are represented
 

 

Fig. 11. Linear errors for point 
 

 

Fig. 12. Linear errors for point 
 

 

Fig. 13. Linear errors for point 

 

Fig. 14. Linear errors for point 

26 

F determine a plane of the 
 vertical head respectively. 

movement, these two planes are rotating 
about the axes, resulting the well errors pitch, roll, and 

rrors may be determined by 
are represented in Fig. 16. 

 

Linear errors for point B. 

 

Linear errors for point C. 

 

Linear errors for point A. 

 

Linear errors for point B. 
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Fig. 15. Linear errors for point C. 
 

 
 

Fig. 16. Angular errors for X = 0. 
 

 
 

Fig. 17. Correction vectors in the workspace. 
 

To determine the positioning deviations in the work-
space of the considered machine tool, the theory of gen-
erating surfaces given by [1, 5, and 6] is applied. In ma-
chining, a cutting edge intersects theoretically or accord-
ing to the NC part program a topographic surface of the 
workpiece (Fig. 2) after a curve MwMw+∆w. In real cut-
ting, due to the motion errors the theoretical curve be-
comes M’ wM’ w+∆w’. Therefore, by determining the vec-
tros MwM’ w and Mw+∆wM’ w+∆w’ , the real position of the 
generating point is established. 

Deviations representation is done as spatial correc-
tion vectors (Fig. 17) in the workspace shown by the 
cuboid O (0, 0, 0), I, J, I1, K1 (500, 400, 330), J1. A set of 
points placed in the Z direction at a distance of 25 mm 
above the machine tool table were considered. The detail 
N-N contains the correction vectors in the point I1. 

 
 

Fig. 18. Linear errors for point C. 
 

 
 

Fig. 19. Correction vectors in a point. 
 

In Fig. 18 only the correction vectors in the work-
space contained in the cuboid O (0, 0, 0), L, U, L1, R1 
(200, 200, 150), U1 are presented in a detail. 

Thus, in Fig. 19, for example, in the point M (150, 
75, 0) in the workspace, the error vectors defined by size 
and direction are represented. 

The ∆xy vector is the sum of vectors (δx) obtained by 
moving the machine tool table in X direction and (δy) in 
Y direction. The ∆zxy vector is the sum of vectors ob-
tained by moving the vertical head in Z direction, namely 
z∆xy (deviation in the XY plane) and z∆z (deviation in Z 
direction). Vectors are obtained in the workspace (0, 0, 
0) ... (500, 400, 330), in mm. Also, in Fig. 18 there is a 
partial representation only for the vectors placed in the 
workspace (0, 0, 0) ... (200, 200, 150), values considered 
in the directions X, Y and Z. 

The calculated deviations in the points situated in the 
workspace determine values of correction in the part NC 
program. As an example (Fig. 19), for the point M (150, 
75, 0) the corrections are: −0.020 mm on X, −0.019 mm 
on Y , and 0.052 mm on Z axes. 

Correction values determined for various analyzed 
points are introduced into the part program. Some exam-
ples of changes in phrases of the part program are: 

 
 
N100 X150 Y75 Z0 F100  becomes 
N100 X149.980 Y74.981 Z0.052 F100; 
N100 X150 F100   becomes 
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N100 X149.980 F100; 
N100 Y75 F100   becomes 
N100 Y74.981 F100; 
N100 Z0 F100   becomes 
N100 Z0.052 F100. 
 

4. CONCLUSIONS 
 

The precision machining of parts requires knowing 
the linear and angular errors, measured in the motion 
directions of the machine tool, through successive 
movements of the table (on X and Y axes) and of the 
vertical head (on Z axis). 

Even if the value of the angular errors is of thou-
sandths of a degree, it is necessary to take them into 
account. Thus, it was numerically determined that for an 
angular error of ± 0.005°, in processing there will be a 
difference of ± 0.25 mm for a tool of diameter Dc = 50 
mm and ± 0.05 mm for tool of diameter Dc = 10 mm. 
These errors may substantially exceed the permissible 
values accepted as corrections in processing on the ana-
lyzed machine tool of some medium or high precision 
surfaces. 

For introducing the necessary corrections described 
above, it is necessary: 
• to exist the possibility and an engineer specialized in 

using the CNC equipment of the machine tool; 
• that in the NC equipment computer or in a computer 

connected with the NC equipment a special program 
is required to be loaded and run for modifying the 
point coordinates given in the original NC program 
by considering the corrections calculated on the basis 
of the errors measured on the machine tool. 
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