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Abstract—Five-axis computer numerical control (CNC) machine 

tools (three linear and two rotary axes) are ideally suited to the 

fabrication of complex work pieces, such as dies, turbo blades, and 

cams. The locations of the axis average line and centerline of the rotary 

axes strongly influence the performance of these machines; however, 

techniques to compensate for eccentric error in the rotary axes remain 

weak. This paper proposes optical (Non-Bar) techniques capable of 

calibrating five-axis CNC machine tools and compensating for 

eccentric error in the rotary axes. This approach employs the 

measurement path in ISO/CD 10791-6 to determine the eccentric error 

in two rotary axes, for which compensatory measures can be 

implemented. Experimental results demonstrate that the proposed 

techniques can improve the performance of various five-axis CNC 

machine tools by more than 90%. Finally, a result of the cutting test 

using a B-type five-axis CNC machine tool confirmed to the 

usefulness of this proposed compensation technique. 
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I. INTRODUCTION 

IVE-axis computer numerical control (CNC) machine tools 

(three linear and two rotary axes) are ideally suited to the 

fabrication of complex work pieces, such as dies, turbo blades, 

and cams. A number of measurement systems for five-axis 

CNC machine tools have been developed, such as the probe ball, 

which comprises a 3-dimensional probe and a double ball bar 

DBB, the R-test system from IBS Precision Engineering, the 

LaserTRACER system from Etalon AG, the touching probe 

from HEIDENHAIN GmbH and Renishaw plc, and the 

Non-bar system [1]-[7]. 

Precision in assembly has a major influence on the 

performance of machine tools. Calibration techniques used for 

three-axis CNC machine tools have matured considerably in 

the twenty years since their initial development; however, 

compensatory methods for eccentric error in the rotary axes of 

five-axis CNC machine tools remain weak. Details of a 

measurement method using a master ball and linear 

displacement sensor(s), and a double ball bar (DBB) from 

ISO/CD 10791-6 [8] are shown in Fig. 1.  

Srivastava et al. [9] presented an analytical method using 

Denavit-Hartenberg (D-H) transformations to obtain the total 
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volumetric error throughout the workspace resulting from the 

geometric and thermal error associated with individual 

components in a five-axis CNC machine tool. 

Jha et al. [10] used a one-dimensional ball array to increase 

the performance of a five-axis machining centre in improving 

the quality of cam profiles. 

Tsutsumi et al. presented an algorithm to identify specific 

deviations using three types of simultaneous three-axis control 

motion [11], four-axis control motion [12] and spherical motion 

[13] for each rotary axis. In this approach, two translational 

axes and one rotary axis are simultaneously controlled to 

maintain a constant distance between the tool and worktable. 

The measurement path resembles the tool center point function 

(TCP) in the general controller and a single telescoping ball bar 

is used to identify deviations. 

Bringmann et al. [14] presented an instrument for calibrating 

5-axes machining centers as well as a novel Monte Carlo 

approach using full machine error modeling to determine the 

expected overall geometric behavior of the machine tool 

following calibration. Ibaraki et al. [15] presented a calibration 

method for five-axis machine tools in a revision of ISO 

standards using the DBB5. The DBB5 is a standard DBB in 

which the master ball is supported at a 45 degree angle to the 

spindle axis. Ibaraki et al. [16] also presented a method of 

calibrating motion error in the rotary axes of five-axis machine 

tools using the R-test. However, this compensation technique is 

not specifically applicable to five-axis machine tools. Erkan et 

al. [17] presented a method for rapidly assessing volumetric 

distortion in five-axis machines using a reconfigurable 3-D ball 

artifact. Unfortunately, this method does not allow the 

calibration of the artifact, which prevents the evaluation of 

uncertainty in this method. Ibaraki et al. [18] presented a 

scheme to calibrate location error in the rotary axes according 

to on-the-machine measurement of a test piece using a square 

gauge and a contact-type touch-trigger probe installed on the 

spindle. When the touch-trigger probe touches the square gauge, 

a sampling signal triggers a device to record the location of the 

machine tool in the x, y, and z directions. The use of an 

indicator and square gauge resembles conventional calibration 

schemes in the manufacturing industry. 

Unfortunately, none of these methods addresses the specific 

needs of the machine tool industry. This paper proposes optical 

(Non-Bar) techniques applicable to the calibration of five-axis 

CNC machine tools including compensation for eccentric error 

in the rotary axes. This approach employs the measurement 

path in ISO/CD 10791-6 to determine eccentric error, which 

can then be used for the accurate application of compensatory 

measures. 
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(a) K1 

 

 

(b) K2 

 

 

(c) K4 

Fig. 1 Measurement method using a DBB [8] 

II. PRINCIPLE 

A five-axis CNC machine tool with three linear axes and two 

rotary axes is susceptible to 43 types of geometric error, 

including 21 along the linear axes and 22 along the rotary axes 

[19]. Rotary-axis geometric error includes component and 

positional (/location) errors [19]. Component error can be 

attributed to the quality of components; positional error is the 

result of imprecision in assembly.  

Positional error (IOJ), in the center of the rotary axes (A, B 

and C) is defined in ISO 230-2 and referred to as eccentric 

error. IOJ reflects the positional error of the motion-axis (J) in 

the direction of the error-axis (I). Eccentric error can be traced 

back to imprecision in assembly; therefore, it is considered a 

form of positional error. 

General controllers in five-axis CNC machine tools have a 

tool center point (TCP) / triory function to maintain the tool in a 

constant position by providing instantaneous responses to 

variations in position along the rotary axes. When the TCP is 

enabled, the NC code is produced by the CNC controller, 

whereupon the trajectories of the multi-axis motion (one rotary 

axis with two linear axes, one rotary axis with three linear axes 

or two rotary axes with three linear axes), can be 

simultaneously performed at a constant speed. Fig. 2 presents a 

process diagram of the TCP function. To produce the NC cord 

of the linear axes, the CNC controller calculates the location of 

the center of the rotary axes, the length of the tool, and the 

starting point. Thus, listing the correct location of the center of 

two rotary axes among the parameters of the CNC controller is 

crucial. Eccentric error is a form of positional error; therefore, 

static measurement is an effective approach for its 

characterization. Finally, we employed the least squares 

method [20], [21] to fit a circle and thereby obtain the eccentric 

error. 

 

 

Fig. 2 Process diagram of the TCP function  

III. MEASUREMENT PATH 

Five-axis CNC machine tools are comprised of three linear 

axes and two rotary axes. The measuring and compensation 

sequences must accord to the type of the five-axis CNC 

machine tool. Classified the positions of the two rotary axes 

during assembly, the machine tool can be divided into three 

types: A-type, B-type and C-type, as shown in Fig. 3. A-type 

refers to the assembly of both rotary axes on the spindle head. 

B-type refers to the assembly of the two rotary axes on the 

spindle head and table, respectively. C-type refers to the 

assembly of both rotary axes on the table. The details can be 

found in ISO/CD 10791-6. The measurement path of CNC 

five-axis machine tools can be found in Annex A, Annex B, and 

Annex C of ISO/CD 10791-6. 
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(a) Typical example of a vertical five-axis machining center with 

double pivot spindle head (A-type) 

 

 

(b) Typical example of a vertical five-axis machining center with 

tilting rotary table (B-type) 

 

 

(c) Typical example of a vertical five-axis machining center with a 

swivel head and rotary table (C-type) 

Fig. 3 Three classes of five-axis CNC machine tools [8] 

 

Accurately locating the centers of the two rotary axes is 

crucial to the performance of five-axis CNC machine tools. 

Specifically, five-axis CNC machine tools employ 

simultaneous multi-axis motion. To obtain accurate results for 

the measurement of eccentric error in the rotary axes, this study 

employed the K1 and K2 measurement paths in ISO/CD 

10791-6 for the calibration of the rotary axes. 

IV. CALIBRATION AND COMPENSATION 

In this section, we outline the calibration of B-type five-axis 

machine tools with a Heiednhain controller (i530), including 

compensation for error. Measurements details are presented in 

Table I. 

 
TABLE I 

MEASUREMENT PARAMETERS OF B-TYPE FIVE-AXIS MACHINE TOOLS 

Typical of the machine tool Measurement path Rotary axes Interpolation axes Start angle (degrees) Interval (degrees) End angle (degrees) 

B-type 
K1 A Y and Z -25 5 30 

K2 C X and Y 0 30 360 

 
TABLE II 

COMPARING THE RESULTS OF THE UNCOMPENSATED AND THE COMPENSATED 

Measurement path Rotary axes Interpolation axes 
Error (µm) 

Improving rate 
Uncompensated Compensated 

K1 A 
Y between -140 and 140 between -5 and 9 95% 

Z between 0 and 280 between 0 and 10 96% 

K2 C 
X between -7 and 31 between -2.5 and 2.5 87% 

Y between -24 and 18 between -2.5 and 2.5 88% 

 

The three linear axes (X, Y, and Z) and two rotary axes (A 

and C) were built using traditional power train components, 

including ball-screws, linear guild ways, and worm wheel 

mechanisms. The maximum ranges of travel in the A and C 

axes are from -30° to 90° and 360°, respectively. During 

measurement, the detector module was fixed to the spindle 

head and the ball lens module was fixed to the table. The 

measurements details are presented in Table I. According to the 

mechanism chain, the eccentric errors in the B axis (the first 

rotary axis) and C axis (the second rotary axis) were calibrated 

in sequence while compensating for error. The results of 

calibration and compensation in which eccentric errors in the A 

and C axes reduced to within 14 and 5µm, respectively, as 

shown in Table II. 

V. CONCLUSION 

Eccentric error is a major source of geometric error in 

five-axis CNC machine tools. This study employed the least 

squares method in a non-bar system to calibrate CNC machine 

tools and compensate for eccentric error. We employed the 

measurement path in ISO/CD 10791-6 to determine the 

eccentric error in the two rotary axes of five-axis CNC machine 

tools and determined the compensation sequence according to 

the mechanism chain associated with the specifics of the CNC 

machine tools. The proposed methods reduced eccentric error 
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by approximately 70% in the three types of five-axis CNC 

machine tools (A-type, B-type and C-type) commonly used in 

industry. The proposed method is characterized by easy setup,  
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