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Summary 

In this paper, the performance of a new measurement system CITE (CNC Integrity Tracing 
Equipment) is investigated. CITE measurement system is the name given to the data acqui-
sition hardware and software developed by University West for recording the movements of 
CNC machine tools. It can be used for monitoring of the milling process and recording the 
milling errors. The aim of this study is investigate the capability of the CITE system in pre-
diction of the surface roughness. In an example cutting test, the CITE measurement system 
was used for recording selected sections in straight milling process and curved milling pro-
cess. After that, surface roughness, predicted by the CITE measurement system, was com-
pared with the CMM (Coordinate measurement machine). The investigation shows that the 
CITE measurement system is comparable to the CMM for evaluation of roughness in curved 
sections. In straight sections, the evaluation of roughness by CMM machine is close to the 
simulation values that predicts surface roughness considering tool run-out. 
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1 Introduction 

Compared with conventional milling machines, the CNC milling machines are widely used 
in aerospace and automobile industries due to high production rate, wide processing range, 
good surface quality and flexibility. One of the major advantages of the CNC milling process 
is the possibility to machine complex surfaces. Hence many studies in recent years have fo-
cused on increasing the surface quality. The surface quality affect the performance of the 
processed parts in a wide range of applications. 

On the basis of the concept of surface finish [1], the surface finish is a critical issue which 
reflects the surface integrity and performance caused by tools. Surface finish is considered as 
one of the most common ways to define surface quality. In current mechanical manufactur-
ing area, there are some popular methods [2] that have influenced on the surface finish (see 
Figure 1).  

The surface roughness is the most important component of the surface finish that can 
be used as evaluation criteria. But, it’s very difficult to predict the surface roughness by using 
mathematical equations. So, many researchers have focused on building models with differ-
ent parameters to predict the surface finish.  

In general, in terms of quality control, cutting speed and feed rate were most commonly 
used in the models. Folea [3] utilized the roughness prediction model by controlling cutting 
speed in high speed milling and Çolak [4] introduced GEP (gene expression programming) 
algorithm into the model for aluminium, after tests, they stated that the lower roughness can 
be obtained by higher cutting speed. On the other hand, Ding [5] made use of the surface 
generation algorithm model in 2D vibration-assisted micro-end-milling, the result was that 
the surface roughness will decrease with increasing of feed rate, and Kasim [6] got the same 
result by using response surface methodology and BOX-Behnken design.  

Except theses parameters, the effect of tool characteristics has become a new research 
area on surface roughness prediction. Buj-Corral [7] developed a model for predicting the 
roughness profile based on number of teeth and tool diameter, after simulation of the rough-
ness profile, he found at low feed values, low roughness was obtained by low number of 
teeth and high tool diameter. Yang [8] proposed a model to predict the surface roughness 

 
Figure 1 Influencing factors on surface finish 
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based on the sources of machining errors, such as run-out, tilting, tool deflection and work-
piece displacement. According to this model, the deflection of the tool which includes static 
and dynamic parts is the foremost factor on the surface roughness. Because there are varia-
tions in the tooth-insert radial locations, run-out, that will causes the change of chip load on 
the individual teeth, and this change will affect the surface roughness [9]. Therefore, investi-
gating the effects of run-out of the tool has become a further research direction for rough-
ness prediction. As expected, the roughness will increase with the feed per tooth for some 
of the teeth, but Schmit [10] investigated that under constant feed per tooth, the roughness 
will increase and then decrease when run-out is becoming bigger. In addition, Wojciechowski 
[11] put forward the run-out and dynamical phenomenon will result in tool displacement, 
and the displacement plays a major role in surface roughness height. In the model that fo-
cused on the geometry and kinematics of the cutter [12], it showed that the deflection of the 
tool and workpiece will result in machining errors since the tool run-out will influence on 
the machining errors distribution along the axis direction. Costes [13] summarized the pre-
vious research and presented a method, which suggests that the deflection caused by run-out 
influences the surface roughness by creating the height variations of the tool end.  

In a previous work Repo has investigated the possibility of detecting tool wear from 
studying the position signals in a machine tool [14]; However, it is found that in the previous 
literature few people have considered or investigated the imperfections of the drive mecha-
nism of the machine’s table on the roughness of the manufactured part. 

This study uses the CITE measurement system to collect the axis movement, then extract 
surface roughness values assessed by errors in movement. The values are compared with 
data acquired from the CMM (Coordinate Measurement Machine). The aim of this paper is 
researching the accuracy of surface roughness prediction from internal signals and comparing 
with encoder recordings from a milling process and investigate the effect of unwanted move-
ments and positioning errors on the surface roughness.  

In this paper, in addition, the geometric errors were considered for a tool that had run-
out.  Modeling of run-out can explain the amount of roughness in some sections of the 
experiments. 
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2 Method  

2.1 Experiment 
The samples were machined in a 3 axis milling machine. The method of machining pro-

cess used in this study was end milling. The machining parameters are presented in Table 1. 
Table 1. Machining parameters 
Tool di-
ameter 

Tool 
flute 

Spindle 
speed 

Cutting 
speed 

Feed per 
tooth 

Depth of 
cut 

Width of 
cut 

10 mm 3 2546 
rev/min 

80 
m/min 

0.08 
mm/tooth 

3 mm and 4 
mm 

10 mm 

The size of the samples is 270×100×25mm, the material of the samples is low carbon 
steel (S355J2 Steel), the composition can be seen in Table 2. 
Table 2. The composition of S355J2 steel (Standard: EN 10025-2:2004) 
C % Si % Mn % P % S % Cu % CEV % 

max 0.22 max 0.55 max 1.6 max 0.03 max 0.03 max 0.55 max 0.47 

 
The geometry of the machined part is shown in Figure 2. Because of its shape, the test is 
called S-Test, as shown in Figure 3. In the actual machining process, the blue fine line is the 
actual milling cutter movement. The blue arrow represents the tool feed direction and the 
red arrow indicates the direction in tool idle movement.  

In step one, the tool starts from the original point (X = -36, Y = -12, Z = 20), after fed 
to the machined surface, the tool produces the S curve finished face by following the blue 
line path and stops at point (X = 36, Y = 12, Z = 0).  

In step two, the tool rises and moves to the point (X= 0, Y= -42, Z = 0) along the red 
arrow direction.  

In step three, the tool follows the blue arrow direction and stops at point (X=-75, Y=-
42, Z=0).  

In step four, the tool rises and travels to the point (X=0, Y = -42, Z=20), then it lowers 
and machines the stretch along the direction from X=0 to X=-75.  

 
Figure 2 Dimensions of the machined sample (source: [15], used with permission) 
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In step five, the tool stops and moves to the final point (X=0, Y=0, Z=20). 
During the milling process, the tool data, like coordinate points and errors on the XY 

plane, were obtained by the linear encoders in the milling machine and recorded by the CITE 
measurement system. After the milling process, the samples were measured by the CMM. In 
order to analyse the surface finish numerically, MATLAB was used for converting the dis-
crete data into a surface profile and simulating the milling process, then calculating surface 
roughness depth 𝑅𝑅𝑧𝑧 in different positions. 

2.2 Simulation of the effect of run-out on roughness 
The simulation process is achieved by the software MATLAB on account of its powerful 
mathematical function and excellent visualization function. 

2.2.1 Surface roughness measurement 
There are two methods to measure surface roughness in this paper: one way is the con-

ventional CMM measurement, the other way is the innovative Internal Sensors measurement 
from the CITE system. Using these two methods, the data can easily be recorded in the 
computer. 

Compared with conventional profileo-meter, CMM machine is more time-saving. On the 
other hand, a measurement by CMM provides information about both the shape errors in 
addition to the roughness of the machined surface. In the CMM measurements, the samples 
were measured with continuous probing. The diameter of the probe was 1.5 mm and the 
results of the probing were saved in a text file. These files could be uploaded and studied in 
the CITE measurement system. The main advantage of the CITE system is the possibility 
for the simultaneous comparison of internal sensor’s data and CMM machine’s data. With 
this function, it is easy to compare the difference between the two methods. 

In previous research, the machined samples were usually measured by CMM or profile-
meters after milling process. These methods cannot monitor the milling process in real time 
to adjust the milling parameters for better surface quality and find the sources for surface 
finish problems. Therefore, introducing an internal sensors measurement system into the 
CNC machine is a development in a new direction.  

The CITE measurement system is a user-friendly hardware and software system for CNC 
machine tools. It records the encoder signals to monitor the CNC machine tool’s movements 
that influence the sample’s surface quality. In this system, a data acquisition hardware with 
optional force dynamometer is connected to the CNC machine, meanwhile this hardware 
sends the signals to the computer with CITE measurement system via a USB cable. The 

 
Figure 3 Path for the S-test (source: [15], used with permission) 

 4 



Degree Project for Master of Science with specialization in manufacturing 
Effect of CNC axis movement on the surface roughness in milling - Method 

CITE measurement system is used for collecting, saving and processing the data. Figure 4 
shows the hardware of the CITE system in the CNC’s control cabinet connected to the 
encoder lines for the spindle and different feed axes of the machine tool. 

2.2.2 Simulation of surface roughness 
During the milling process, the movement of the tool with respect to the workpiece was 
recorded by the CITE measurement system. In order to investigate the surface finish, from 
internal sensors, eight equal length sections (named 1-8) were selected in the rectangle path 
and four sections (A-D) in the curve path for calculating the surface roughness (See Figure 
5a). For CMM measurement, the calculation sections were arranged in the same position as 
the 8 sections in rectangle path in internal sensors measurement. Figure 5b shows the sketch 
for the CMM measurement path.  

After selecting the calculation sections, the data was transformed to surface profile. In 
this investigation, the least-squares method was used for removing the linear trends in the 
data.  

Usually, the surface profile consists of waviness, roughness and form deviation. The pres-
ence of the waviness and form deviation will affect the calculation of the roughness. So, 
before analysing the surface roughness, it should be filtered to separate waviness and form 
deviation from the surface data. 

 
Figure 4 The CITE hardware for data acquisition, inside CNC machine’s control cabinet (source: [15], 

used with permission) 

 
Figure 5 a) Calculation sections for internal sensors measurement samples b) Calculation sections for 

CMM measurement samples 

 5 



Degree Project for Master of Science with specialization in manufacturing 
Effect of CNC axis movement on the surface roughness in milling - Method 

In recent industrial application, the Gaussian filter is widely used for separating the shape 
errors from the roughness for calculating the surface roughness. This filter is low-pass filter. 
One of the advantages of the Gaussian filter is zero-phase property [16], when it is applied 
in forward and reverse directions, it does not shift the phase between the wavelengths. It 
always suppress the wavelengths under and near the cut-off length. 

By observing the surface profile, the mean width of profile elements 𝑅𝑅𝑠𝑠𝑠𝑠 was measured 
as 1.2 mm. According to the standard of DIN EN ISO 4288 and ASME B46.1, 𝑅𝑅𝑠𝑠𝑠𝑠 in this 
paper is in the prediction range for profiles from 0.4 mm to 1.3 mm, so the cut-off length 
𝜆𝜆𝑐𝑐 is equal to 2.5mm. The standard evaluation length is five times as cut-off so each section 
in measurement samples was set at 12.5 mm. 

2.2.3 Geometrical calculation of roughness considering run-out 
Based on the theory of machining, the surface roughness can be analysed by milling param-
eters. As published by Stephenson [2] in the ideal milling process, using a tool without ra-
dial run-out, the theoretical maximum roughness depth 𝑅𝑅𝑧𝑧 can be calculated by the feed 
per tooth and tool radius: 
 

𝑅𝑅𝑧𝑧 =
𝑓𝑓𝑡𝑡2

8𝑅𝑅
 

(1) 

where 𝑓𝑓𝑡𝑡 is the feed per tooth and 𝑅𝑅 is the tool radius. 
In the actual milling process, the surface can be defined as the envelop surface produced 

by the cutter edge along the feed direction. The envelope surface was controlled by the 
vibration between the tool and workpiece, the tool geometrical parameters and the tool run-
out. In order to calculate the roughness with cutter run-out, this paper method introduced 
by Franco [17] and Denkena [18] that based on the tool end trace.  
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3 Results 

After the measurement, the result from the CMM machine, the CITE measurement system 
and simulation is obtained and compared. 

3.1 Calculating the roughness for the sections in rectangle path 
Since the measurement in the rectangle path is a linear path, the shape error is small and thus 
ignored in this paper. Under this condition, the least square is used for removing the linear 
trend. Based on a large number of discrete data, the roughness profile can be produced. 

In all experiments, each set of the measurement was obtained under the condition of 
spindle speed of 2546 rev/min. For both Internal Sensors measurement and CMM machine 
measurement in rectangle path, the only difference is depths of cut: one is 3 mm and the 
other is 4 mm. The results of the calculated roughness are shown below (Table 3a and Figure 
3b). 
Table 3a The 𝑹𝑹𝒛𝒛 for depth of cut =4 mm (𝛍𝛍𝛍𝛍) 
Section 1 2 3 4 5 6 7 8 
Internal 
sensors 

0.0368 0.0839 0.0620 0.0480 0.0369 0.0532 0.0480 0.0344 

CMM  3.99 4.49 4.60 3.88 3.81 4.34 5.45 3.97 

Table 3b The 𝑹𝑹𝒛𝒛 for depth of cut =4 mm (𝛍𝛍𝛍𝛍) 
Section 1 2 3 4 5 6 7 8 
Internal 
sensors 

0.0456 0.0680 0.0685 0.0780 0.0778 0.0608 0.0690 0.0627 

CMM  4.54 3.15 3.00 3.91 4.45 3.62 3.95 3.85 

According to the values in the two tables, this study compared the two different rough-
ness measurements, the Internal Sensors measurement (see Figure 6) and CMM machine 
measurement (see Figure 7). 

 
Figure 6 The 𝑹𝑹𝒛𝒛 from the internal sensors measurement 
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In these figures, for the CMM machine measurement, in section 1 and 5, the roughness 
in 3 mm cut is larger than 4 mm cut. This can be explained that measurement for CMM 
machine was very close to the precision of the method and not using a small enough sampling 
length. 

By help with the CITE measurement system monitoring function, the errors were rec-
orded. Samples in the rectangle sections were chosen to calculate the max peak-to-valley 
height, as can be seen in Figure 8a and 8b. In the Figure 8a, the max peak-to-valley height 
was about 0.03 μm. In the Figure 8b, the value was 3 μm. 

3.2 Calculating the roughness for the sections along curved path 
The curve data was recorded by the CITE measurement system using a spacing of 2.5 𝜇𝜇𝜇𝜇. 
The length of each section was 12.5 mm as illustrated in Figure 5a. The CMM machine 
measurement was recorded as the inner path and outer path. 

In the curved path, along with the change of feed force in the process of milling, the 
shape error will exist in the surface profile. Therefore, this study used Gaussian filter with 

 
Figure 7 The 𝑹𝑹𝒛𝒛 from the CMM machine measurement 

 
Figure 8 a) The small samples in internal sensors measurement errors b) The small samples in CMM 
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2.5 mm cut-off length to separate the waviness and roughness from the original surface pro-
file. 

After filtering of the roughness profile, the roughness can be calculated. The results of 
the 4 curve sections are shown in Table 4a and 4b. The values are labelled in the bar diagram 
(Figure 9 and Figure 10). As shown in the diagram, the 𝑅𝑅𝑧𝑧  values of each section for different 
depths of cut are quite similar.  
Table 4a The 𝑹𝑹𝒛𝒛 (𝛍𝛍𝛍𝛍) for depth of cut =4 mm  
Section A B C D 
CMM machine inner path 7.75 8.63 5.73 6.25 
CMM machine outer path 6.99 7.02 6.87 6.79 
Internal sensors 8.05 7.94 8.21 8.87 

Table 4b The 𝑹𝑹𝒛𝒛 (𝛍𝛍𝛍𝛍) for depth of cut =3 mm  
Section A B C D 
CMM machine inner path 9.12 8.6 6.2 6.76 
CMM machine outer path 6.32 7.18 6.6 8.08 
Internal sensors 7.28 4.72 8.27 9.42 

In these figures, it can be found that in sections A and B, the roughness of inner path is 
larger than outer path. However in sections C and D, the roughness of inner path is smaller. 

 
Figure 9 The 𝑹𝑹𝒛𝒛 for depth of cut equal to 4 mm 

 
Figure 10 The 𝑹𝑹𝒛𝒛 for depth of cut equal to 3 mm 
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This can be explained by the inner path in A and B and the outer path in C and D is generated 
by up-milling where same rubbing occurs before start of cutting.  

The filtered roughness profiles are shown in Figure 11a and 11b. 
Compared with two figures, it can be observed that the internal sensors measurement 

values have a good agreement with CMM machine measurement values. In addition, the 
roughness was not sensitive to the depth of cut. 

3.3 Calculation of the 𝑹𝑹𝒛𝒛  with run-out 
Without the radial run-out in the tool, the 𝑅𝑅𝑧𝑧 in this case can be calculated by feed per tooth 
𝑓𝑓𝑡𝑡 and nominal tool radius 𝑅𝑅 [2]. In this case, the trace was made by all the three teeth since 
the circles of the tool that produce the trace in every feed per tooth. But if there existed the 
radial run-out, the trace will be only made by one tooth (see Figure 12). So, the circles which 
made the trace will be placed every 𝑁𝑁𝑧𝑧 times feed per tooth. The following formula describe 
the calculation of the 𝑅𝑅𝑧𝑧: 
 𝑅𝑅𝑧𝑧 = (𝑁𝑁𝑧𝑧×𝑓𝑓𝑡𝑡)2

8𝑅𝑅
 =1.44 μm (2) 

where 𝑁𝑁𝑧𝑧 is the tool flutes.  
In order to calculate the  𝑅𝑅𝑧𝑧 in this condition, MATLAB was used for simulating the tool 

path along the feed direction. The tool end path can be considered as envelop curve that 
generated by the circles. The envelope curve along bold line is the surface profile that corre-
sponds to the trajectory of the cutting edge teeth (see Figure 12). 

 
Figure 11 a) The roughness for depth of cut equal to 3 mm b) The roughness for depth of cut equal 

to 4 mm 
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In this study, it chose 10 different radial run-out values. The result is shown below: 
Table 5 Simulated roughness for different run-outs  
Run-out (𝛍𝛍𝛍𝛍) 0 0.05 0.1 0.2 0.3 0.5 1 2 3 4 
Roughness (𝛍𝛍𝛍𝛍) 0.16 0.23 0.3 0.45 0.6 0.9 1.37 1.42 1.42 1.42 

The diagram for these results can be seen in Figure 13. According to the diagram, for 
constant feed per tooth, the roughness values are increasing with radial run-out. The values 
of roughness are close to the one measured in the straight cutting sections (1-8). When the 
run-out value exceeds 1μm, the roughness curve stabilizes around 1.44 μm. 

 
Figure 12 Simulated tool path 

 
Figure 13 Roughness for the tool with run-out 
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4 Discussion and conclusions 

This paper studied a new measurement system for online estimation of the surface roughness 
on the milled parts. This method works by collecting information from the positioning sys-
tem of a machine tool. Unlike measuring by CMM or conventional profilometer, it does not 
add an additional process to the manufacturing chain therefore it could be an interesting 
system if it could predict the surface qualities of the machined parts with acceptable preci-
sion. 

In this investigation, the results of this system are compared with the results of the rough-
ness measurement by a CMM machine. The results of the investigation and simulation show 
that: 

1. In curved sections, the errors along the radial direction measured by CITE measure-
ment system were reflected on the part’s geometry and surface finish, the values were similar 
to the values measured by the CMM machine. In many instances, the roughness curves cal-
culated from the internal sensors matched those measured by the CMM machine. Comparing 
Figure 9 and Figure 10, the roughness for the 3 mm cut is similar to the roughness for the 4 
mm cut. This suggests that the roughness and machine axis errors in this section are inde-
pendent of the cutting loads. 

2. In straight sections, the roughness values measured by the CITE measurement system 
were about 100 times smaller than the values measured by the CMM. In generation of these 
straight sections, one axis of the machine tool was supposed to remain stationary; but the 
CITE measurement system was able to measure movements on the order of 0.03 𝜇𝜇𝜇𝜇; how-
ever, based on the CMM measurement, the values of roughness in these sections were as 
large as 2 𝜇𝜇𝜇𝜇. This value is close to the value predicted for the roughness created by a tool 
that has a run-out larger than 1 𝜇𝜇𝜇𝜇. 

In summary, in the investigated machine tool and operation, the errors in the movements 
of the machine’s axis are large, about 8 𝜇𝜇𝜇𝜇, even excluding the direction reversal errors 
which were reflected on the parts surface and were possible to measure using the CITE 
measurement system. 

There are still some limitations in this research. In this paper, the parts have been ma-
chined by the same 3-axis milling machine. A comparison between multiple machine tools 
could have given insight in the sources of the surface roughness in a wider range of machine 
tools. Moreover, only two different depths of cuts, with a single spindle speed and feed rate 
were used in these trails. It is not known how the machine would behave in a considerably 
faster or slower cutting or considerably bigger or smaller feed per tooth. 

In a future work, different milling machines and more milling parameters could be stud-
ied. Also, the effect of depth of cut on the roughness values for CITE measurement system 
could be further investigated. 
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