
This article appeared in a journal published by Elsevier. The attached
copy is furnished to the author for internal non-commercial research
and education use, including for instruction at the authors institution

and sharing with colleagues.

Other uses, including reproduction and distribution, or selling or
licensing copies, or posting to personal, institutional or third party

websites are prohibited.

In most cases authors are permitted to post their version of the
article (e.g. in Word or Tex form) to their personal website or
institutional repository. Authors requiring further information

regarding Elsevier’s archiving and manuscript policies are
encouraged to visit:

http://www.elsevier.com/authorsrights

http://www.elsevier.com/authorsrights


Author's personal copy

Computer-Aided Design 45 (2013) 1306–1313

Contents lists available at SciVerse ScienceDirect

Computer-Aided Design

journal homepage: www.elsevier.com/locate/cad

Dimensional and geometrical errors of three-axis CNC milling
machines in a virtual machining system
Mohsen Soori, Behrooz Arezoo ∗, Mohsen Habibi
CAD/CAPP/CAM Research Center, Department of Mechanical Engineering, Amirkabir University of Technology (Tehran Polytechnic), 424 Hafez Avenue,
Tehran 15875-4413, Iran

h i g h l i g h t s

• A virtual machining system is presented in order to create machined parts.
• Geometrical errors of three-axis milling machine tools were modeled.
• The real errors are enforced to the nominal machining G-codes by developed software.
• To validate the system, surfaces of virtual and real machined parts are compared.
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a b s t r a c t

Virtual machining systems are applying computers and different types of software in manufacturing and
production in order to simulate and model errors of real environment in virtual reality systems. Many
errors of CNCmachine tools have an effect on the accuracy and repeatability of part manufacturing. Some
of these errors can be reduced by controlling the machining process and environmental parameters.
However geometrical errors which have a big portion of total error need more attention. In this paper
a virtual machining system which simulates the dimensional and geometrical errors of real three-axis
milling machining operations is described. The system can read the machining codes of parts and enforce
21 errors associated with linear and rotational motion axes in order to generate new codes to represent
the actual machining operation. In order to validate the system free form profiles and surfaces of virtual
and real machined parts are compared in order to present the reliability and accuracy of the software.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid development, prototyping, testing and deployment of
machining strategies are demands of industrial production in or-
der to reduce manufacturing costs and achieve best quality. Due
to shorter product life cycles, demand of presenting novel options
on the products as well as small series production, the absolute ac-
curacy of machine tools is of increasing importance. Short product
life times do not permit an iterative optimization of the product
quality. This means that accurate production in the first time is vi-
tal issue for part manufacturing. A key tool in achieving the goals
is the modeling and simulation of product development and man-
ufacturing process in a digital environment.

Virtual manufacturing is the addition of simulation to control
models and actual processes, allowing for seamless simulation for
optimization during the actual production cycle. Themodeling em-
ploys an approach in which the complete machining process can
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be simulated and optimized before resorting to costly and time-
consuming physical trials on the real production environment. Us-
ing computer models and simulation of manufacturing processes
in virtual environments have provided key tools for presenting
products with high level of efficiency and accuracy.

There are many errors in CNC machine tools which have an
effect on the accuracy and repeatability of part manufacturing.
Most of these errors are based on specific parameters such as
force and stress, geometrical deviations of machine tool structure,
thermal variations, cutting force induced errors, servo errors and
tool wear. Virtual machining software systems are deployed for
modeling and simulation of the effect of errors on the accuracy and
precision of components. It presents a useful method for creating
real machined parts in the virtual environment which makes the
process of designing, manufacturing and analysis more effective.

2. Reviewof researches related to dimensional and geometrical
errors in virtual environment

A large amount of work is presented either for the purpose of
designing machine tools or simulating machine tool’s capabilities
in virtual reality systems.

0010-4485/$ – see front matter© 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.cad.2013.06.002
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A.A. Kadir et al. [1] presented a comprehensive review of exist-
ing virtual systems asWeb-based virtualmachine tool systems and
mathematical modeling or numerical analysis. Authors endeav-
ored to provide a deeper understanding on the developed virtual
systems, categorize them based on the research domain and focus,
and review the system structure and the capabilities of the sys-
tems.W. Lin and J. Fu [2] developed the VirtualMachine tool Struc-
tural Modeler (VMSM) system which can provide an interface for
modeling machine tools through a virtual reality environment. In
order to predict the real behavior of machine tool in virtual real-
ity systems, different studies were carried out by researchers. Fi-
nite Element models and experimental calibration techniques of
virtual machine tool technology as well as the structural analysis
of the machine tool are presented by Y. Altintas et al. [3].

K. Erkorkmaz et al. [4] presented a trajectory planning strategy
for maintaining the tool positioning accuracy in high speed cor-
nering applications by a Virtual CNC system. They used the advan-
tage of the Virtual CNC’s ability to accurately predict contour errors
and applied corrective measures by modifying the tool path and
adjusting the feed rate. Y. Cao and Y. Altintas [5] used a model of
spindle-bearing andmachine tool systems for virtual simulation of
milling operations which allows virtual cutting of a work material
with the numerical model of the spindle during the design stage.
Enhanced virtual machining for sculptured surfaces by integrating
machine tool error models into NCmachining simulation has been
presented by Y. Lin and Y. Shen [6]. It integrates machine tool er-
ror models into NCmachining simulation so that part errors can be
predicted and shown on a graphic output by simulating the cutting
process. S. D. Merdol and Y. Altintas presented a virtual cutting and
optimization system for three-axis milling operations [7].

Simulation results by virtual milling system are then used in a
constraint-based optimization scheme to maximize the material
removal rate by calculating acceptable feed rate levels. M. Habibi
et al. [8] presented a compensation method for tool deflection and
geometric errors of three-axis milling operation by tool path mod-
ification. They used machining codes of milling operation in their
software in order to find solution and strategy for compensating
the errors in terms of precision enhancing. Y. Altintas and S.D.Mer-
dol [9] used a generalized process simulation and optimization
strategy for 2 1/2 axis milling operations in order to increase ma-
terial removal rate and avoidingmachining errors. It combines var-
ious machining constraints such as cutting forces, chip thickness,
spindle torque-power, form errors on the workpiece and chatter
stability of the system to determine the most efficient machining
parameters. J.H. Ko et al. [10] presented a newmethod of calculat-
ing cutting-condition-independent coefficient by virtual machin-
ing system in order to predict the cutting forces over a wide range
of cutting conditions.

D. Olvera et al. [11] presented stiffness values of turning center
machines in order to consider the overall error vector of produced
parts. An experimentalmethodology tomeasure the static stiffness
along kinematic chain of a turning center is proposed in order to
calculate stiffness values of the machines. L.N. López De Lacalle
et al. [12] considered errors of produced parts in high speedmilling
machines to increase productivity and surface quality of produced
parts. To generate G-Codes free from errors such as collisions
between the tool and the workpiece or fixtures, new control and
optimization steps are included inmachiningmethodologies of the
CAM software.

Research works in the field of virtual machining systems have
focused on general topics of milling operations such as technolog-
ical review and structural analysis.

The present work is concerned with a virtual machining soft-
ware system for applying the effect of the 21 dimensional and ge-
ometrical errors of a 3 axis CNC milling machine on the machined
component. As a result an actual part can be machined in virtual

Fig. 1. Geometric error components for 3 axis CNC milling.

environment according to real conditions. Section 3 deals with a
short review of simulation and modeling of geometrical errors in
3-axis milling machines. The software and developed algorithm is
presented in Section 4. For validation, some experiments are de-
ployed in order to show the comparison of real machined with vir-
tual parts from which the results are presented in Section 5.

3. Geometric errors measurement and modeling

Geometric errors are mainly concerned with the errors in the
structural elements of the machine tools. These errors affect the
machine repeatability and kinematic accuracy which are inherent
in themachine tool. For a 3-axismillingmachine, there are 21 error
components namely: 3 linear positioning errors, 6 straightness
errors, 9 angular errors and 3 squareness errors.

Angular errors such as pitch, roll and yaw errors are common
causes of positioning errors. Also a small angular error of the spin-
dle can cause a significant effect at the tool tip. Straightness errors
seriously degrade machine tool performance and have a direct in-
fluence on the machine tool path accuracy. These errors can be the
result of wear in machine tool guide ways. Also they can be due
to accidents which may have damaged the machine tool structure
in someway, or poor machine foundations that are causing a bow-
ing effect on thewholemachine tool. Straightness errors have a di-
rect effect on the positioning and contouring accuracy of amachine
tool. Axes of machine tools should be perpendicular to each other
along their length. Out of squareness between axes can seriously
degrade machine tool performance by producing dimensional er-
rors in produced parts. The squareness errors between the axes are
calculated by the slopes of two sets of straightness error profiles.

Components of geometric error in 3 axis CNC milling are as
Fig. 1. These error subcomponents are the result of using the tra-
ditional error categories. In case of 3D NC machines the position
errors of the P(X, Y , Z) point can be measured in a grid of the vol-
umeof thework area and can be compensated bymodern CNC con-
trollers.

Nominal positions of every point are shown by x, y, z. Positional
errors of each point along x, y and z directions are δx(x); δy(y);
δz(z), where the first subscript refers to error direction and the
second refers to moving direction. In the same way, δY (x); δz(x);
δx(y); δz(y); δx(z); δy(z) are straightness errors, εx(x); εy(x);
εz(x); εx(y); εy(y); εz(y); εx(z); εy(z); εz(z) are angular errors
and ϕx(y); ϕx(z); ϕy(z) are squareness errors.

The determination of squareness error ϕx(y) between X-axis
and Y -axis is shown in Fig. 2 [13].

The squareness errors can be calculated by applying least
square curve fit in order to obtain the mean straight line as shown
in Fig. 2. The error can be expressed as Eq. (1) [13].

Sxy =

π

2
− φtarget


+ θx + θy (1)

where θx and θy are produced angles between reference axis and
the mean straight line and φtarget is the edge angle of target.

Fig. 3 shows errors for 3-axis milling machine.
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Fig. 2. Squareness error between X-axis and Y -axis.

Fig. 3. Geometric error parameters of 3 axis milling machine.

Fig. 4. Six degrees of freedom error motion of a carriage.

The size of the position error may depend on the +/− motion
direction and on the actual cutting forces.

Six degrees of freedom error motion of a machine tool carriage
system is shown in Fig. 4.

A three-axis machine tool can be considered as an open kine-
matic chain consisting of a series of links connected together by
prismatic joints. At one end of this chain is a tool mounted on an
air bearing spindle. The spindle is clamped on the Z-slide.

Fig. 5. Optical setup for finding linear positioning errors.

3.1. Errors measurement

Measuring the dimensional and geometric errors is carried
out using laser interferometry system. In linear measurement, for
forming the fixed length reference arm of the interferometer, one
retro-reflector is secured to the beam-splitter. Bymoving the other
retro-reflector relatively to the beam-splitter the variable length
measurement arm will be formed. Any change in the separation
between the measurement arm retro-reflector and beam-splitter
is tracked by the laser system. The optical setup for finding linear
positioning errors is as Fig. 5 [14].

Geometric errorsmay be different in case ofworking conditions
because of cutting forces.

Measuring other geometric errors such as angular, straightness
and squareness errors is similar to the presented techniques with
different optical tools and setup.

3.2. Errors model

The efficient model of geometric errors should be able to con-
vert numerous parameters of any point in space into a single vol-
umetric error vector. Therefore a common reference should be
imposed on the nominal position so that a clear concept of volu-
metric errors can be realized in terms of this reference. A.C. Okafor
and Y.M. Ertekin [15] presented a general volumetric error model,
which synthesizes geometric errors by using homogeneousmatrix
transformations of the axis slides. Fig. 6 shows the schematics of
table and tool of a 3 axis milling machine.

Where R is the base coordinate system of the machine, R2, R1
and R3 are coordinate systems of X, Y and Z directions respec-
tively.

The actual position and orientation of the X-axis carriage in
reference coordinate system is given as Eq. (2).

1T2actual =


1 −εz2(x) εy2(x) x + δx2(x) + a2

εz2(x) 1 −εx2(x) δy2(x) + b2
−εy2(x) εx2(x) 1 δz2(x) + c2

0 0 0 1

(2)

where,

εx2(x) Roll error of X-axis.
εy2(x) Pitch error of X-axis.
εz2(x) Yaw error of X-axis.

a2 Constant offset in X direction between R1 and R2.
b2 Constant offset in Y direction between R1 and R2.
c2 Constant offset in Z direction between R1 and R2.

δx2(x) Linear displacement error of X axis

δy2(x) = δ′

y2(x) + αxyx (3)

δz2(x) = δ′

z2(x) + αxzx (4)



Author's personal copy

M. Soori et al. / Computer-Aided Design 45 (2013) 1306–1313 1309

Fig. 6. Schematic of table and tool coordinate systems for 3 axis milling machines.

where,

δ′

y2(x) Y straightness of X axis as it moves in X direction.
δ′

z2(x) Z straightness of X axis as it moves in X direction.
αxy Squareness error between X and Y axes.
αxz Squareness error between X and Z axes.
x Nominal X axis position which amplifies αxy to yield and
abbe error in Y direction in Eq. (3).

x Nominal X axis position which amplifies αxz to yield and
abbe error in Z direction in Eq. (4).

Similarly, other matrices for the actual position and orientation of
the Y -axis and Z-axis carriages between base coordinate system of
R and coordinate systems of R1 and R3 in Fig. 6 can be shown as
Eqs. (A.1) and (A.2) in Appendix A.

The position of work and tool can be shown as Eqs. (5) and (6).

RTWork =
RT11T22TWork (5)

RTTool =
RT33TTool (6)

where,

2TWork =

Wx
Wy
Wz
1

 (7)

3TTool =

Tx
Ty
Tz
1

 (8)

whereWx,Wy andWz are the elements of work coordinates on the
table and Tx, Ty and Tz are the elements of tool coordinates for X, Y
and Z directions respectively, as shown in Fig. 6.

M.V. Nojedeh et al. [16] presented an overall geometric vector
in their study for showing the effects of all geometrical errors
and kinematical deviations of machine tool’s moving axes. The
remaining effect is only squareness error between moving axes

Fig. 7. Flowchart and strategy of virtual machining software.

according to Eq. (1) which should be added to the summation as
Eq. (9).ex
ey
ez


=

R ex
ey
ez


Tool

+

R ex
ey
ez


Work

+

ex
ey
ez


Squareness

. (9)

If the tool error and the Work error are also measured from the R
base then the same size errors mean precise product because the
tool and the workpart are translated with the same error distance
in the same direction. The errors have to be defined exactly using
the defined transformation matrices.

4. Software for enforcing the geometric errors

In order to implement the proposed method, a geometric er-
rors enforcement software is developed in the present work. The
ideal tool path (tool tip and tool orientation) and NC codes are gen-
erated by a CAD/CAM system such as Catia. Having the machine
tool errors, NC codes and the position of the workpart on the table,
input in the software, every geometric error parameter is calcu-
lated at each cutter path. Section 4.4mentions that the precision of
the manufacturing may depend on the selected region of the work
area. Because of this the reference location of the workpart on the
table is also an important input of this algorithm. Finally the er-
rors are applied to the G-codes and the correspondingmodified NC
codes according to actual machining path are developed.

The flowchart of the software is shown in Fig. 7.

4.1. Software and algorithms verification

The software is written in Visual Basic programming language
which can read G-Code of parts with text format. The 21 geometric
errors of a three axis CNC milling machine are enforced on the
G-Code. The software can then produce the new G-Codes as text
format for machining operation in the virtual environment. The
algorithms of the software is presented in Appendix B.

The newG-Codes are generated by the software in a text format
file according to the errors and conditions of actual machining
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Fig. 8. Details of circular division for G02 arcs.

Fig. 9. Dialog box of geometric error monitoring.

environments. The file can be used by any CAM software such
as Vericut [17] for producing actual machined part in the virtual
environment.

4.2. G02 and G03 conversion

The software is capable of dividing circular path such asG02 and
G03 into small segments. Each segment is controlled by an specific
tolerance which is given by user. The analytical equation of a typ-
ical arc is as Eq. (10).

xi = xc + R cos(θ)
yi = yc + R sin(θ).

(10)

The fragmentation algorithm for circular path is illustrated as Eq.
(11).

xi = xc + R cos(θs + idθ)
yi = yc + R sin(θs + idθ)

zi = zs +
i
n
(ze − zc)

(11)

n =

 (θe − θs)

dθ



where θs is the start angle of arc and dθ is the angular steps of arc
segments.

Fig. 8 shows details of circular division for G02 arcs.

4.3. The largest error of each axis

Due to the time consuming and expensive error compensation
methods of all 21 errors of a 3 axismachine tool, it is possible to in-
crease machine tool accuracy by reducing the largest error of each
axis. Therefore by eliminating or reducing this error, the accuracy
of machine tool will improve easily and cost effectively. A side ef-
fect of the present work is to find the largest error of each axis of a
machine tool in each target position. The developed software can
present a suggestion to the user for increasing the accuracy of the
machine tool. This will be by compensating completely or decreas-
ing the largest error of each axis. The software presents all geomet-
ric errors to the user starting from largest right down to the lowest.
The user can remove or decrease each of the errors and see the ef-
fect on the final volumetric error vector. Fig. 9 shows the dialog box
of geometric error monitoring.
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Fig. 10. Sample workpiece for virtual validation.

Fig. 11. The discrepancies between surfaces of virtual machined part and nominal
part.

4.4. The most suitable position of the machine tool table

Another side effect of the present work is by analyzing the
errors of the machine tool, the software can divide the machining
area in different sectionswhere each section is labeled according to
its error value. This means the software can present the machinist
with the most suitable machining area, where the least error is
present in the machine tool. So the highest accuracy achieved by
the machine tool without any error compensation will be known
to the user.

5. Validation

In order to experimentally validate the virtual machining soft-
ware, two parts are considered. In first step, the machining of the
free form surface of a part shown in Fig. 10 is simulated only in vir-
tual environment by the software in order to show the discrepancy
of the machined and nominal surfaces.

The discrepancies between the part machined in the virtual en-
vironment and CAD designed part (nominal) are shown in Fig. 11.

In the second step, a spline surface as a free form profile of a
sample workpiece shown in Fig. 12 is considered for machining in
real and virtual environment. Two profiles of real and virtual parts
are compared using the data obtained from a CMMmachine and a
surface comparator software. In the present work, geometrical er-
rors of EMCO VMC600 CNC machine tool were measured by Ren-
ishawML10 interferometer and the 21 geometric error parameters
were identified. The milling tool used for the process is a flat HSS
end mill with 10 mm diameter, helix angle 30° and flute number
4. The material of the workpiece is AL7075T6. The spline profile

Fig. 12. Profile of the test workpiece.

Fig. 13. Original G-codes of test workpiece.

has 0.33 mm radial and 10 mm axial depth of cut. After supplying
the measurement data and NC codes into the software, the error
enforced NC codes are generated. The machining tests were car-
ried out in real and virtual environments and compared by a CAD
surface comparator software using the same setup of machine and
cutting tool. Fig. 12 shows the profile of the test workpiece.

The Original machining G-codes of part without errors and the
new G-codes are shown in Figs. 13 and 14 respectively.

The workpiece profile is measured by ZEISS CMM machine.
The discrepancies between each point of real machined part and
nominal profile are shown in Fig. 15.

Discrepancies between each point of the profile of the part
machined in virtual environment and nominal profile are shown
in Fig. 16.

Profile errors along the curve length of real and virtual parts are
shown in Fig. 17.

A good compatibility is shown between the parts machined in
actual and virtual environments.
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Fig. 14. Error enforced G-codes by software.

Fig. 15. Discrepancies between profile of real and nominal part.

6. Conclusion

In the present work, the errors of a 3 axis CNC milling ma-
chine tool are enforced on G-codes of parts in virtual environment
in order to imitate the real machining environment. The virtual
machining software is developed with Visual Basic programming
language. The input to the software are the 21 error values of a
specific 3 axis machine tool and the G-codes for machining a spe-
cific part. The output of the system is a newly generated G-code
which will produce a part similar to the part machined in the real
environment. In order to validate the system, two parts are con-
sidered. The first part is only tested in a complete virtual environ-
ment. The second part is tested in virtual and actual environments,
where an 81.8 compatibility percentage is realized. In both cases a
good compatibility in the test results are shown. This shows that
the developed system is able to produce near true components in
the virtual environment.

Fig. 16. Discrepancies between the virtual and nominal profile.

Fig. 17. Profile errors along the curve length.

The approach used in the present work can also be developed
further and applied to 5-axis CNC milling machines. The mathe-
matical model of volumetric error vector due to 39 dimensional
and geometrical errors of 5-axis CNC machine can be generated.
A virtual machining software can be developed which can receive
the measurements of the 39 errors and produce a near real part in
the virtual environment. This is the subject of the future research
of the authors.

The results also show that the error modeling used in Ref. [15]
can suitably be used in error modeling of a 3-axis CNC milling
machine in virtual environment. Furthermore, it shows that the
laser interferometer techniques used for measuring the errors of
the machine tool are reliable.

Appendix A

RT1actual
=


1 −εz1(y) εy1(y) δx1(y) + a1

εz1(y) 1 −εx1(y) y + δy1(y) + b1
−εy1(y) εx1(y) 1 δz1(y) + c1

0 0 0 1

 (A.1)

RT3actual
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=


1 −εz3(z) εy3(z) δx3(z) + a3

εz3(z) 1 −εx3(z) δy3(z) + b3
−εy3(z) εx3(z) 1 z + δz3(z) + c3

0 0 0 1

 (A.2)

where,

εy1(y) Roll error of Y -axis.
εx1(y) Pitch error of Y -axis.
εz1(y) Yaw error of Y -axis.

a1 Constant offset in X direction between R and R1.
b1 Constant offset in Y direction between R and R1.
c1 Constant offset in Z direction between R and R1.

δy1(y) Linear displacement error of Y axis.

δx1(y) = δ′

x1(y) + αxyy (A.3)

δz1(y) = δ′

z1(y) + αzyy (A.4)

where,

δ′

x1(y) X straightness error of Y axis as it moves in Y direction.
δ′

z1(y) Z straightness error of Y axis as it moves in Y direction.
αxy Squareness error between X and Y axes.
αzy Squareness error between Z and Y axes.
y Nominal Y axis position which amplifies αxy to yield and

abbe error in X direction in Eq. (A.3).
y Nominal Y axis position which amplifies αzy to yield and

abbe error in Z direction in Eq. (A.4).

and

εz3(z) Roll error of Z-axis.
εx3(z) Pitch error of Z-axis.
εy3(z) Yaw error of Z-axis.

a3 Constant offset in X direction between R and R3.
b3 Constant offset in Y direction between R and R3.
c3 Constant offset in Z direction between R and R3.

δz3(z) Linear displacement error of Z axis.

δx3(z) = δ′

x3(z) + αxzz (A.5)

δy3(z) = δ′

y3(z) + αyzz (A.6)

where,

δ′

x3(z) X straightness error of Z axis as it moves in Z direction.
δ′

y3(z) Y straightness error of Z axis as it moves in Z direction.
αxz Squareness error between X and Z axes.
αyz Squareness error between Y and Z axes.
z Nominal Z axis position which amplifies αxz to yield and
abbe error in X direction in Eq. (A.5).

z Nominal Z axis position which amplifies αyz to yield and
abbe error in Y direction in Eq. (A.6).

Appendix B

1- Input
Read file: G-Code of parts with Text format (*.Text)
Show text file in text box1
Split (text1) for element recognition (G01, G02, G03,
X, Y , Z, R . . .)
2-Error Enforcement
2-1-calculating geometric errors

If G code is G01 then
Consider the start point and end point
Find amount of geometric errors vector for X, Y , Z axis
Add mount of geometric error to end point

End if
If G code is G02 or G03 then
Ask number of segments for circular division
Ask amount of error tolerance for each segment
For i = 1 to number of segments

Show error amount for each segment in text 3
If geometric error vector > error tolerance then

Generate new arc path according to the geometric error
and appointed error tolerance

End if
Next i
End if
3- Write file
Join (text1)
Show in text2
4- Output
Save as new G Codes with Text format (*.Text)
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