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Abstract 

 

Numerically controlled machine tools are a common phenomenon today and a norm in the manufacturing industry. 

However, these devices still have features and parts that need to be researched and improved. Therefore, this article 

focuses on the accuracy features of machine tools, but not so much on mechanical rigidity but rather on electronic rigidity 
and precision. It is important to know how a numerically controlled system converts input signals into physical 

movements, resulting in a real machine part. In this work, we focus on milling test specimens with circular shape for 

determining and analysing shape deviations. Each error has its description, possible causes, the effect that it has on the 

machined part and corrective action. The purpose of this work is to provide a validated methods and tests for assessing 

the accuracy of a machine tool. It is important to understand how the shape of the part can be affected by the material of 

the work piece and the cutting parameters according to the change in the cutting forces. An overview of methods and 

experiments for assessing the accuracy of a machine tool is given and helps to improve the understanding of how the 

input signals entered on the machine controller are interpreted into the actual movements of the milling machine. 

 

Keywords: CNC milling; workpiece geometry; electronic rigidity; cutting forces; circularity 

 

 

1. Introduction  
 

The precision of machining process has always been crucial in mechanical engineering. With ever-increasing demands 

on machine elements and in the search for solutions to real-time changes in cutting process of machine tools, it is crucial 

to study this topic more in depth. In general, it can be said that each part produced by cutting and especially chip cutting 

has specific requirements to ensure the accuracy of these products, such as surface roughness, dimensions and shape 

deviations with high productivity in mind. Consequently, it is not only the mechanical properties and rigidity of the 

machine, but also the electronic accuracy, and to evaluate their ability to respond to cutting forces to ensure a stable and 

accurate cutter movement [1]. Precision of the machine drives assure the accuracy between the actual movements of the 
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machine and the entered code. However, movement of the motors and their control by encoders may be related with 

certain errors. The design of servo control systems that generate accurate coordinated multi-axis motion is therefore of 

great importance in high precision machining applications. Contour errors can often arise from unmatched dynamics, 

limited axial bandwidth and undesirable nonlinearities [2]. Numerically controlled machines primarily use both velocity 

and position control loops in monitoring and controlling the axes with the velocity feedback normally provided by a tacho 

generator and the position feedback by digital encoders. Several factors such as the dynamic response of the machine 

axes, stability of the control systems, time and frequency response of the servo system are involved in determining the 

final performance of the machine tool. The performance criteria for such servo control systems needs to be clearly 

established as well as closely monitored to get the best results and be aware of the capabilities of your processing 

equipment. ‘Tracking error’ and ‘contour error’ are two important aspects that need to be effectively handled by any servo 

control system [3]. Several systematic geometrical deviations are distinguished due to the electronic control of the 

machine tool. In order to explain the systematic errors that result from operating a milling machine, it is necessary to 

understand their nature [4] 

Consequently, a circular test is recognized as one of the more convenient methods to test the motion and 

controller accuracy of CNC machines [1]. Although the circular test is used for checking motion accuracy of CNC 

machine tools or coordinate measuring machines, it has also capability to diagnose motion error sources. The motion 
error in the circular test shows possible servo system errors and geometric errors hidden in a CNC machine. These error 

sources can be identified from the motion error signal. The main errors patterns related to the various motion error sources 

in the circular test identify core motion error sources of CNC machines in circular test. Most of motion error patterns have 

been widely studied in the literature is possible to extract major motion error patterns from the circular test results. 

However, since the method requires an insight into the motion error patterns, it may be limited in use if many error sources 

simultaneously influence motion error signals in the circular test [5]. Some data-processing methods such as finite/fast 

Fourier transform (FFT) analysis and least-squares methods have been proposed, but did not provide sufficient flexibility 

to take into account the actual situation of the circular test [6]. A systematic approach is still desirable to decompose 

motion error sources from the circular test results.  
The present paper proposes a strategy to identify motion error sources of CNC machines from the circular test 

results and the possible relationship between cutting forces in the circular error patterns. The possible machine geometric 

errors are discussed and a way to diagnose them is presented. Each error has its description, possible causes, the effect 

that it has on the machined part and corrective action. In this research a roundness test on two different milling machine 

has been made. This paper focuses on finding circular errors, which may include positive backlash in the Y axis, unequal 

backlash in the Y axis, reverse spikes in the X axis, plot rotation error, and cyclic error in the X axis, to name a few [7]. 

In order to find systematic errors, it is necessary to perform cutting tests for milling a cylindrical test piece and measure 

cutting forces and circular accuracy of the cut specimen. 
 

2. Materials and Methods 

 

There are many factors that affect the accuracy of a part: material, cutting parameters, coding and etc. making it 

difficult to assess which factor caused problems in the outcome of the part (Fig. 1.). The main complication is linking 

errors with altering factors and methodology. 

 

 

Fig. 1. Different factors affecting part accuracy and what are the methods of controls 

 

Milling in essence is dynamic cutting, meaning during cutting process there are several different adjustments 

happening at same time like change in the position of the tool, force values and machine load. Total rigidity of a milling 

machine depends on geometrical characteristics of manufacturing system layout. However, errors in surface machining 

depend highly on tool deflection, electronic rigidity, coding and workpiece distortion [8]. In the evaluation of the machine 
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accuracy analysing individual effect of altering factor will not show all possible causes of the errors in the cutting process, 

but investigation of various interactions between altering factors do. Therefore, it is necessary to analyse workpiece and 

tool loads together with milled workpiece geometry.  

 

2.1. Machine accuracy 

 

For the controlment of machine axes many machining applications involve generation of complex profiles to 

synchronize the motions of different axes. This in turn makes it possible for the machine to generate required machined 

surface and form the shape of the workpiece profile [9]. In a CNC machine tool, it is mostly done with help of a multi-

axis servo control system that consists of an interpolator and several machine axis controllers. The interpolator generates 

the desired tool motion relative to the workpiece and then decomposes the desired motion into the reference position 

commands for the separate machine axes. The individual axis controllers do actual positioning of the axes. The function 

of an axis controller is to provide an appropriate drive signal to the electric motor, so that the actual position of the axis 

accurately tracks desired axis reference command to eliminate the position error along each driving axis [10]. Generally, 

two types of controllers are used for each machine axis in a CNC machine: open-loop or closed-loop controls. Open-loop 

controls use stepping motors to drive the machine axis while in closed-loop control systems, a position feedback element 
such as an encoder or a resolver, is used to provide information of actual position of the axis. There are two types of 

closed-loop position control systems [11]. Point-to-point is mainly for auxiliary movements while for the path of the 

machine tool axis from one point to the other and its velocity are not significant. This is because the tool is not machining 

or in contact with the workpiece during the motion. The accuracy of positioning axis to desired end is what only matters. 

On the other hand, in contouring systems the path of the cutting tool, relative to the workpiece, is of prior importance. 

This is because the machined part depends primarily on this path [12]. The most significant factor in performance of 

contouring systems is the contour error defined as difference in distance between the programmed path and the actual tool 

path.  

Question of contour error arises in linear motion, circular motion, cutting of the corner radius and any desired contour. 

Reduce of contour error in linear motions is achieved by having high average gains and match of the individual axis. The 

difference in axis open-loop gain values represents the mismatching of the system, which creates the contour error. It is 

known that lower axis feed rates will reduce the contour error. However, to obtain high contouring accuracy at high 

speeds, the system should be critically damped and the system gains well matched [12]. High speed machining techniques 

mean faster feed motion between the tool and workpiece, in accordance with the increased spindle speed. Most common 

servo controllers used in industrial CNC machines, proportional (P), proportional-derivative (PD) or proportional-

integral-derivative (PID), have limited achievable bandwidth due to tracking errors in each axis as the closed-loop control 

system is not able to follow rapidly varying position commands. Together with the friction in the guideways and cutting 
forces disturbances to the servo loop are formed opposite to the tracking accuracy. Furthermore, even if the servo 

controller is tuned to maintain accurate tracking at high speeds, the performance may degrade if the drive parameters 

change according to varying workpiece mass and lubrication conditions. The disturbance and parameter variation 

sensitivity are much more severe in direct drive systems compared to ball screw drives and a well-designed servo 

controller must be capable of handling both types without requiring any major changes [9]. 

In this experiment, two different machines were used to evaluate how machine itself affect quality of the part. First 

machine was a Haas Super Mini Mill (Haas) and second machine was a DMG Mori M1 (DMG). Haas has its own 

operating software and system opposite to DMG, which uses Siemens's control system. Another difference between two 

machines is that in Haas the worktable moves and tool moves only in z direction and in DMG Mori worktable is stationery 

and tool moves along axises. Machines are fixed with bolts onto the concrete floor. Haas has a direct speed, belt drive 

ball screw system, regards to DMG, which has an inline spindle and similar belt rive ball screw system.  

 

2.2.  Measuring circularity  

 

Ideal roundness, according to ANSI standard B89.3.1, is the representation of 2D profile where all points of which 

are equidistant from a canter in the plane. Out-of-roundness is the deviation of the actual measured circular profile from 

ideal defined round profile and the out-of-roundness value is the difference between the largest radius and the smallest 

radius of a measured profile. There are three major methods for performing a circular test: one method is using 

a rotating spindle in connection with a one-dimensional probe; the second method is using a disk and a two- dimensional 

probe; and the third method is using a double ball bar system, which consists of two magnetic balls constrained by special 

sockets and a flexural bar measuring the deviation of the relative distance between balls. [5]. One of the best methods for 

measuring out-of-roundness is through circular geometry gages with precision spindles [13], [14]. 

Out-of-roundness is either symmetrical or asymmetrical involving regular geometrically arranged deviations and 

points on the part's circumference, where the fluttering is not regular. Most machining processes create symmetrical 

fluttering, producing either an even or an odd number of irregularities. Even number flutter is sometimes seen in precision 

boring operations, caused by a worn or out-of-balance spindle. Odd number flutter may be caused by a 3-jaw chuck, 

which can produce a 3-flutted workpiece or a centreless grinder creating 5-flutted part [15], [16]. 
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Roundness can be measured by rotation of a pick-up measuring probe or the workpiece on a precisely generated axis. 

Variations in the radius of the workpiece are plotted on a polar chart on which it is also possible to represent a reference 

of a perfectly round circle with determined radial deviations. It is expressed in terms of the separation of two circles, 

drawn from the same centre, that just contain the undulations. There are two standardized comparisons methods; the 

minimum separation of given center and the least-squares centre. The error measurement is the maximum value of the 

peak's valleys on the measured circle. 

For the analyse of shape deviations and accuracy of cutting circular contours circularity tests were carried out. All 

measurements were made with Mahr MMQ 100 form tester, which uses a rotating spindle in connection with a one-

dimensional probe. Reference measurement was carried out to control machine accuracy before running the tests. 

 

2.3 Measuring cutting forces  

 

Cutting forces are measured to evaluate machine system dynamics and cutting process during milling. Any kind of 

system that measures forces can be used to assess fluctuations in force values. However, to see and thoroughly examine 

what takes place during cutting process and linking an error with possible cause, need of much accurate measuring 

machines are essential. Abnormalities in the value of cutting forces can be an indication of system error, tool or chip 
breakage. Whether or not the error is straightforward, important is to find an explanation why it occurred. In general, 

there are direct and indirect force measurement methods. Direct measuring method is usually more accurate rather than 

indirect method, which accuracy is highly affected by the change in environment [17], [18]. Therefore, the study approach 

was to use direct measuring method such as most known direct force measurement machine, table dynamometer.  

The reliability of measuring process is highly affected by tool passing frequency (TPF) and sample frequency (SF) of 

measuring machine. The value of TPF, calculated with spindle speed, time and number of teeth on the cutting tool, is a 

base for estimation of right sample frequency, which should be at least two or even three times over the value of TPF. In 

analyse of machine accuracy the value of SF should be higher than two or three times over TPF value for collection of 

background data during milling. This will give enough measuring points to get reliable results and width of bandwith 

[19], [17]. With given data it is possible to see how the cutting forces excited the system and what is the shape of the 

peak. Another thing to look is how the data is presented, being periodical, episodic or serial. Also, it shows what method 

of cutting, climb or conventional milling, was used to cut and where there backlash at the very beginning of the cut. 

Received force values sign, negative or positive, give an indication where the cutting took place in the coordinate system. 

During milling, cutting forces were measured with table dynamometer Kistler 9257B, to see correlation between value of 

the cutting force and shape deviations in circular shapes. Signal processing was made with program Dynoware. All runs 

where filtered with low pass filter for 600 Hz.  

 
2.4 Experimental setup, coding 

 

The shape of the machined part is affected by the material and cutting parameters of the workpiece according to the 

machine electronic rigidity and coding [20]. 

It was important to assure repeatability of test regardless of CNC milling machine. Therefore, material used in this 

experiment was widely used S355JR and the size of the specimen was chosen accordance the size of the dynamometer 

used in this experiment and small enough to fit in smaller CNC machines work area. Dynamometer was fixed with polts 

directly onto the milling machine table. On top of that was specimen also fixed with polts. For this experiment 10 

specimens where cut of which 5 for each milling machine. All specimens where pre-processed to shape and size before 

running the experiment (Fig. 2).  

 

Fig. 2. a) Specimen after first run in Haas and DMG milling machines b) drawn shape and size of the specimen 

 

To get reliable data different factors like tooling and fixing of the workpiece must be stable. With that in mind, a solid 

end mill with diameter 10 mm was chosen. Widely used milling cutter PLSC4L10045V had a maximum cut length of 22 

mm and AlCrN coating. Recommended cutting parameters for stable cutting (Table 1.) were used to prevent increase in 

the risk of rapid failure of the cutting tool. Coolant was used to reduce heat process during cutting. 
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End mill Ø 
Parameters 

fc (mm) ap (mm) vc (m/min) ae (%) 

10 0.05 9 220 20 

 

Table 1. Experimental values of cutting parameters 

 

The NC-code for milling toolpaths was hand coded for the Haas. In the case of DMG machine tool the built-in 

ShopMill programmig tool was used to program the exact same movements of the cutting tool. In all of the experiments 

the instrument approached and exited the cut along a tangential arc. Experiments were divided into two parts where 

circular contour was first cut down to diameter value of 51 mm. After what circularity was measured and test was repeated 

cutting down to diameter value of 47 mm. Parameters fc, ap, vc and ae were constants and were not changed when 

performing tests on two separate machine tools or when diameter of the cut changed. During milling, cutting forces were 

measured to see correlation between value of the cutting force and shape deviations on the circular contour. 

 

3. Results and discussions 

 

A row of experiments were performed with the parameters described above and results are shown in Table 2. The 

table shows the diameter of the cut circle in mm and how large the deviations were in each run in μm. In specimen Exp_2 
Ø47_H measurements for circularity were not carried out because of the incision made during milling. 

 

Diameter of the shape 

before cutting (mm) 

Experimental runs and results (μm) 

Exp_1 Exp_2 Exp_3 Exp_4 Exp_5 

Ø51_H 37 43 47 35 45 

Ø47_H 46 - 42 49 27 

Ø51_D 50 51 48 45 44 

Ø47_D 27 32 28 27 30 

 

Table 2.  Mean deviation of circularity of given specimen roundness Ø51 and Ø47 in Haas Super Mini Mill and DMG 

Mori M1 milling machines 

 

 

Fig. 3. Measured roundness and deviations direction of cut contours a) Ø51 in Haas, b) Ø47 in Haas, Ø51 in DMG, d) 

Ø47 in DMG 

 

First part of the experiment foresaw cutting a circular shape workpiece to get specific diameter (51 mm and 47 mm) 

two times. It showed how machine interprets the code without making any changes in machine settings. The same 

experiment was repeated in both Haas and DMG milling machine. Between test runs roundness of the cut contour was 

measured with Mahr coordinate measuring machine. In both machines the same code was used. Results obtained show 

clearly the point of entry into the material in machine A (Fig. 3). Similar results were with machine B. However, the 

difference between machine A and B was evident in the accuracy of the circle. Accuracy of the test runs in machine A 

was between ~39-49 μm and in machine B it was ~45-56 μm. Also, this part of the experiment showed that the accuracy 

of the machine grows when the circular contour decreased. Another difference between runs was noticeable notch 

appeared when cut to Ø51 and bump appeared when cut to Ø47. The same error occurred in both milling machines. 

a) Ø47_H b) Ø51_H 

c) Ø47_D d) Ø51_D 
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After measuring the circumference and detecting the deviations, work with literature for possible causes of the 

occurred shape deviation was made. It was important to know whether the error was caused by the mechanical parts of 

the milling machine or by electronic means. Comparing the various standard mechanical and possible electronic shape 

deviations that can occur when cutting a circle, it was found that this phenomenon is not related to any of the known 

errors related to the machine tool mechanics described in the literature. Since both milling machines had the same error 

and both machines use the same technology to move the axes, it could be concluded that the error is due to the 

interpretation of the machine input signals is related rather to electronic accuracy [5]-[7].  

Second part of the experiment was analysis of measured cutting forces during milling to see how forces describe 

forming of the circle. Fig. 4 presents filtered data of experimental run no. 4, cut in Haas, where graphs a) and c) show 

whole measured cutting forces cut to Ø51 and Ø47 mm. Graphs b), and d) show sections of measured data zoomed in to 

bring closer to what is called to be “region of interest”. In Fig. 5 it is showed filtered data of experimental run no. 4, cut 

in DMG, where graphs a) and c) show whole measured cutting forces cut to Ø51 and Ø47 mm. Graphs b), and d) show 

section of measured data zoomed in to bring closer to “region of interest”. 

 

 
Fig. 4. a) Force components Fx and Fy filtered data of Exp_4, cut in Haas Super Mini Mill (Ø51), b) “region of 

interest” filtered data of Exp_4,  in Haas Super Mini Mill (Ø51), c) Force components Fx and Fy filtered data of Exp_4, 

cut in Haas Super Mini Mill (Ø47), d) “region of interest” filtered data of Exp_4, in Haas Super Mini Mill (Ø47) 

 

 
 

Fig. 5. a) Force components Fx and Fy filtered data cut in DMG Mori M1 (Ø51), b) “region of interest” of filtered data 

in DMG Mori M1 (Ø51), c) Force components Fx and Fy filtered data cut in DMG Mori M1 (Ø47), d) “region of 

interest” of filtered data in DMG Mori M1 (Ø47) 

 

The region of interest validate that the results obtained in circularity measurements and measured cutting forces show 

similar region of error. The error is most likely the place where previously described notch and bump appear to be. There 

a) Ø51_D b) Ø51_D 

d) Ø47_D c) Ø47_D 

a) Ø51_H b) Ø51_H 

d) Ø47_H c) Ø47_H 
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are several possible assumptions for this error. One is that the value of ae increased up until a point where maximum 

contact area was reached and machine had difficulty to obtain desired tool path for approximately half a second to move 

forward. Another possible reason is tool deflection creating backlash in machine system. Further cutting demonstrates 

that shear force stabilized after initial disturbances confirmed by the results of the shear force analysis given in Fig 4. and 

5. Together with the friction in the guideway, tool deflection and cutting force disturbances influenced the tracking 

accuracy at the servo loop control. In this work only one error pattern occurred, but in order to reach final clarity on the 

depth of inaccuracies in shape deviations, further work with different machine tools and tool paths are needed.  

 

4. Conclusion 

 

This work focused on the evaluation of milling accuracy and electronic accuracy. To this end, an overview was given 

of the interpretation of electronic signals and real movements of the machine tool. To evaluate the accuracy of the machine 

tool, a method was developed in which a round cylinder was milled and its shape deviation was measured. The tests were 

performed with two different machines Haas and DMG, which are similar in terms of moving their axes and feedback. In 

addition, the cutting forces were measured during the tests to establish a relationship with possible shape deviations and 

changes in forces on the cut workpiece. The patterns of shape deviations caused by milling a circular shape and possible 
numerically controlled machine tool errors were thoroughly studied in the literature to find out a definite difference 

between the deviations caused by the mechanical parts of the machine and electronics. The aim was to eliminate 

mechanical deviations and to focus on finding electronic accuracy or possible deviations. Based on the literature and 

experimental results, it can be stated that no shape deviation patterns caused by mechanical components were detected on 

these machines, but there was still an iterative error on the machined circular specimens. The error was the same for both 

Haas and DMG machine tools. A systematic error occurred in all experiments, especially when the cutting instrument 

entered the workpiece material, leaving a notch when cutting the diameter of 51 mm and a bump when cutting the diameter 

of 47 mm. The instrument entered and exited the cut along a tangential arc, the cutting force increased smoothly until the 

maximum cutting depth was reached. Evaluation of the shape error and cutting forces, it became clear that at the time 

when the cutting tool reached the maximum ae value, there were also changes in the cutting forces. Consequently, it can 

be assumed that there is a direct relationship between the formation of shape deviation and the change in shear force. In 

addition, the geometrical error occurred precisely because of this change in cutting force, causing such an error in the 

circle profile. As further work on this topic, it is planned to widen the range of machine tools used for cutting the test 

workpiece. Also, it is needed to study different material cutting methods and change the cutting parameters to examine 

the effect of high speed and feed rates to the occurred shape deviation profile. It is definitely necessary to do additional 

work to find out possible solutions to eliminate this error and to offer solutions for setting up the milling machines to 

avoid and eliminate the potential of reoccurrence of such errors. 
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