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Abstract: 
This paper presents a method for the reconstruction of surface topographies of 
peripheral milled surfaces based on measured cutting forces. Even under stable process 
conditions, machine tool vibrations occur due to the milling tool’s dynamic excitation. In 
order to estimate the influence of tool vibrations on surface degradation, a dynamic tool 
model is developed and applied to a material removal model. The proposed tool model 
is able to reconstruct the accurate shape and roughness of machined surfaces. The 
developed method is verified by comparing the reconstructed and the measured surface 
topographies. The results demonstrate that the method is able to reconstruct the surface 
topography of the machined workpiece from measured resultant cutting forces and it can 
be used also for the online monitoring of milling processes. 

Keywords: 

Dynamic endmill model, force measurement, machine tool vibrations, quality monitoring, 
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Nomenclature ae Width of cut [mm]ap  Depth of cut [mm]A Cross-section of the endmill [mm2]� Boundary curve of the cross-section [mm]
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��  Modal constant of the lth natural frequency 
of the spindle 

[1/kg] 

fte  Tooth engagement frequency [Hz] ��  Feed per tooth vector [mm] � Resultant force vector [N] Ixx, Iyy, Ixy Moments of inertia [mm4] i Index of the cutting edge [1] j Index of the incremental heigth [1] k Index of polygon knots [1] MM, CC, KK Mass, damping and stiffness matrices [kg,kg m2]  
[Ns/m,Nms/rad] 
[N/m,Nm/rad] l Number of polygon knots [1] n Spindle speed [min-1] N Number of cutting edges [1] �	
� Number of the active segments of the 

endmill 
[1] 

�� Number of eigenmodes [1]  Tool path vector [mm] q��  Modal coordinates of the spindle  R Radius of the endmill [mm] �  General coordinate, deflection vector [mm] �  Cutting edge position vector [mm] 
t Time increment [sec] �, � Nodal displacements, x and y-component 

of the tool deflection, respectively 
[mm] 

vc  Cutting speed [m/min] ww  Workpiece description vector [mm] ww00  Blank part description vector [mm] 
   
� Helix angle [rad] � Chip space ratio [1] � Rotation angle of the tool [rad] � Polar coordinate of the cross-section [rad] 

��,�, ��,� Nodal coordinates, rotation around x and y 
axis, respectively 

[rad] 

� Tooth pitch angle [rad] � Cutting edge position angle [rad] �� Natural frequency of the system [Hz] � Angular velocity of the spindle [rad/s] 
 �� Damping ratio of the lth natural frequency 

of the spindle 
[1] 
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1. Introduction 
The performance of a milling process is mainly limited by vibrations generated by the 
process. The milling process generates dynamic cutting forces within a large frequency 
range. Depending on the dynamic behavior of the machine tool, heavy vibrations can 
occur. There are two essential types of vibrations [1]. 

The first and most harmful type of vibration is the so-called “chatter” which is a kind of a 
self-excited vibration caused by the regenerative effect of the machined surface [1, 2, 3]. 
The chip thickness depends on the current position of the cutting edge and the past 
position of the previous cutting edge of the mill. Consequently, the mathematical 
description of this phenomenon leads to a time delayed differential equation. In order to 
predict this type of vibration, the so-called stability chart must be created as a function of 
the technological process parameters. This calculation can be carried out in several 
ways like using the semi-discretization method [4, 5, 6], temporal finite elements [7, 8], 
multifrequency analysis approach [9, 10, 11] or time domain simulation [11, 12]. As 
shown in [13], the dominant chatter frequencies differ from the tooth engagement 
frequency, which causes aperiodic vibrations. Such vibrations typically create strong 
chatter marks on the milled surface [12, 14, 15]. 

The second type of vibration is the forced vibration caused by the periodically changing 
cutting force. This forced vibration can also have large amplitudes at resonant spindle 
speeds [16, 17], but still, the surface roughness which is measured along the feed 
direction is usually relatively small because the period of the forced vibration is the same 
as the forcing tooth engagement frequency.  

To separate the influences of the two kinds of vibrations, the static deflection of the tool 
also has to be taken into account. It is shown in [16] that in case of helical fluted endmill, 
the machined surface shows large shape deviations. Especially, the surface profile in 
the axial direction of the tool is strongly influenced by the changing cutting forces and 
deflections [18, 19]. 

The main goal of this work is to evaluate machining operations during the process, 
based on quality related indicators. Therefore, the degradation of surface quality due to 
process generated vibrations is evaluated using a dynamic endmill and spindle model on 
one side, and using a process model on the other side. In the present study, the 
dynamic behavior of the system is described by coupling two different methods. In the 
first one, the spindle of the machine tool is analyzed based on the frequency response 
measurements [20, 21]. The second part determines the dynamic behavior of a general 
tool using Timoshenko beam elements with axial, torsional, and lateral dynamics [22, 
23]. 

The measured resultant cutting force is applied to the governing equation of the coupled 
systems. In this case, there is no need to create advanced force calculation for the 
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precise description, which contains all the known and unknown phenomena (like non-
linear force characteristic, short regenerative effect, process damping, state dependent 
delay, runout). The accuracy of the presented method depends only on the accuracy of 
the measured force signals and the coupled dynamic model of tool and machine tool. 
The calculated motions based on the measured forces describe the periodic forced 
vibrations, the chatter vibrations, and even the transient vibrations.  

 

2. Development of a dynamic tool model 
In order to simulate the dynamic motion of the tool during a material removal process, a 
tool model was developed which is applicable for endmill geometries and peripheral 
milling operations. In the dynamic model of the process, the workpiece is assumed to be 
perfectly rigid. Only the dynamic behavior of the tool and machine tool side is 
considered. To analyze the forced motion of the coupled tool and machine tool structure, 
described by the general coordinate �, the governing equation of the obtained system 
can be determined in the following form: 

where �, ! and " are global mass, damping and stiffness matrices, respectively, and �(#) is the resultant force. The dynamic model consists of two coupled parts. The first 
part describes the dynamic behavior of the spindle, based on the measured frequency 
response function (FRF). In the second part, the dynamic properties of the tool are 
calculated using a finite element beam model. The two parts are coupled by 
concatenating the mass, the damping and the stiffness matrices of the two parts. 

 

2.1. Dynamic model of the spindle part 
The FRF of the spindle is specific for a machine tool and has to be measured only once. 
The modal parameters (natural frequency ��,�, damping ratio �� and the modal constant ��) for the $�% mode are determined by fitting rational fraction polynomials, which is a 
widely used procedure in the industry [20, 21]. The dynamic properties of the spindle 
can be characterized in its modal space given by the diagonal matrices. 

��̈(#) + !�̇(#) + "�(#) = �(#), ( 1 )  

�*-*. = / 123 4 ,   !*-*. = /56378,323  4 ,   "*-*. = 978,3:23   ; . ( 2 ) 
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The coupling of the two systems is defined along the Cartesian coordinates of the 
contact points between tool and machine tool. These are given by means of the sum of 
the modal coordinates <��, therefore the general coordinates of the spindle part >.(#) are 
redefined as follows: 

where �� is the number of the modeled eigenmodes of the spindle. The inverse 
transformation of Eq (3) is given by the transformation matrix ?@ as follows: 

The mass, damping and stiffness matrices are transformed into the space of these new 
coordinates with the same transformation matrices ?@: 

This method is used both in B and D direction separately. If we assume that there is no 
cross coupling between the two directions, the governing equation of the spindle system 
can be described by block diagonal matrices created from the direct sum of the matrices 
(Eq. ( 5 )) in B and D direction.  

Note, that the general force is zero due to the spindle having no external excitation. We 
assume that the shaft is torsional rigid. 

2.2. Dynamic model of the tool part 
The mass, damping and stiffness matrices of the tool could be generated in the same 
way as the matrices of the spindle. However, if the mode shapes of the tool have to be 

r��(#) = q��(#)   $ =  1,2, … , �� − 1, 
�GH� (#) = ∑ L��(#)GH�O1 , 

( 3 ) 

L.(#) = ⎣⎢⎢
⎡ <1�(#)<5�(#)⋮<GH� (#)⎦⎥⎥

⎤ = ?@�.(#) = X 1 0 ⋯ 00 1 ⋯ 0⋮ ⋮ ⋱ ⋮−1 −1 ⋯ 1[ ⎣⎢⎢
⎡ >1�(#)>5�(#)⋮>GH� (#)⎦⎥⎥

⎤
. ( 4 ) 

�\]�. = ?@^�*-*. ?@, !\]�. = ?@^!*-*. ?@, "\]�. = ?@^"*-*. ?@. ( 5 ) 

_�\]�.,� `` �\]�.,� b 9�̈.,� (#)�̈.,� (#); + _!\]�.,� `` !\]�.,� b 9�̇.,� (#)�̇.,� (#); + _"\]�.,� `` "\]�.,� b 9�.,� (#)�.,� (#); = `. ( 6 ) 
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modeled [21, 24], then the measurements have to be made in multiple points along the 
tool length and more advanced methods are needed for the evaluation of the system 
matrices. Furthermore, several different endmills are used in the industry and 
measurement of each tool step-by-step would take unacceptably long time.  

Consequently, the dynamic behavior of the tool is calculated by a finite element method 
(FEM). This method can sufficiently predict the dynamic properties of the tool (like 
stiffness and natural frequency) due to the fact, that the endmill tool is usually a 
monolithic part, and does not contain any joints or contact surfaces that could cause 
inaccuracies. Note, that the mode shapes of the tool are also included in this method. 
For the finite element model of the tool a parametrical description of the endmill 
geometry was developed. The aim of the developed endmill model is to get a detailed 
description of the endmill geometry, using a minimum of describing parameters. 
Therefore, the tool geometry is described by commonly used parameters [25], like the 
tool radius R, number of edges N, helix angle ���and the length of cutting edges d. In 
order to calculate the variation of stiffness along the tool axis, the cross-section zone 
was modeled for several slices of the endmill.  The boundary curve � of the cross-
section of the endmill at height d can be described by the simplified equation: 

where � is the polar coordinate of the tool, � is the tooth pitch angle and � is the cutting 
edge position angle. The tool cross-section is represented by the nominal radius of the 
tool R, the number of edges N, the chip space ratio � and the helix angle �. The related 
sampled boundary curve is a polygon defined by the g and h coordinates of the points 
that are collected in the matrix (�m ∈ ℝ5�Guz{|}~). The generated cross-section simplifies 
the complex shape of a real tool cross-section by a minimum of describing parameters 
(see Fig. 1): 

�(d) = 9�(1 − � ∙ cos(�)) sin(� − �(d))�(1 − � ∙ cos(�)) cos(� − �(d));, 
 � ∈ [0,2�]� = �/4 ∙ mod(�, 2�/�) ;       �(d) = �- tan(�), 

( 7 ) 
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Fig. 1:  Real cross-section of an endmill a) and simplified parametric cross-section b) 

The variation of the cross-section geometry along the tool axis d is thereby describable 
by the variation of chip space ratio �(d). In case of a helical tool, the cutting edge 
position angle �(d) also depends on the axial position. This way, the parametric model is 
able to generate the cross-section geometry of the tool along the cutting edge length, 
the tool shaft and even for the tool chuck, where the radius also depends on the axial 
position �(d). 

In order to calculate the stiffness of the tool, the areas and moments of inertia of the 
cross-section are calculated using the trapezoidal method for polygonal sampled cross-
sections: 

Note, that ��� = ��� and ��� = ��� = 0 if the tool has at least 3 cutting edges. 

The discretization of the tool along the d axis is represented in Fig. 2. The number of 
beam elements �� depends on the desired number of the modeled eigenmodes of the 
tool and the required accuracy of the surface generation.  

�(d) = 12 �(h��1g� − h�g��1)�
�O1 , ( 8 ) 

���(d) = 112 �[h��15 + (h� + h��1)h�]�
�O1 (h��1g� − h�g��1), 

���(d) = 112 �[g��15 + (g� + g��1)g�]�
�O1 (g��1h� − g�h��1). 

( 9 ) 
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Fig. 2:  Representation of the beam model with changing cross-sections and the connection to 
the spindle 

According to the reconstruction of surface topography, the dominant bending modes of 
the endmill will mostly influence the machined surface topography. Hence, beam theory 
was chosen for the endmill modeling. Based on the Timoshenko’s beam theory [26, 27, 
28] the bending of the  ��% node of the tool’s beam element can be described by four 
degrees of freedom: 

where � and � are the lateral movement in g and h direction, respectively, and �� and �� 
are the rotation around the g and h axis, respectively. The mass and stiffness matrices 
of one beam segment are determined based on [22] by using the area and the moments 
of inertia of the current cross-section (see Eq. ( 8 ) and Eq. ( 9 )), and the material 
properties of the tool (density, Poisson ratio and Young’s modulus). The global mass 
and stiffness matrices of the beam model of the tool are built up according to the 
neighboring elements [26]. The governing equation of the tool dynamic is given by: 

where the global damping matrix !\����  is calculated from the stiffness matrix:  !\����  = �"\���� . 

��� = ���, ��, ��,�, ��,��, ( 10 ) 

�\���� �̈�(#) + !\���� �̇�(#) + "\���� ��(#) = �(#), ( 11 ) 
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In the computation, the frequency-independent damping coefficient � was chosen to 
create the typical damping ratio �1 = 1% on the first mode. Its value can be calculated 
by: 

where the first natural frequency of the tool ��,1 is computed from the well-known 
characteristic polynomial: 

 

2.3. Global system matrices 
As shown in Fig. 2, a flexible connection is modeled between the spindle and the tool. In 
section 2.1, only the general coordinates of the spindle in g and h directions are defined. 
Thus, coupling of the matrices can be done between the variables >GH,��,� and �G�, and >GH,��,�  and �G� by considering linear spring ( �
],  �
]) and damping (¡�
], ¡�
]) elements 

between the coordinates. The stiffness and damping matrices of the coupling element 

for the /rGH,��,�   �G�4¢
 coordinates are given by: 

The coupling matrices along the h direction have a similar form. Due to the infinite 
torsional stiffness of the spindle, the torsional coupling can be modeled by torsional 
spring  £�
]  and torsional damping ¡£�
]  elements between the variable �G�,� and the 
ground (same applies for �G�,�). The final governing equation has the same form as Eq. 

( 1 ) with general coordinates � = � �1� �5� … �G�� �.,� �.,�  �¢
. Fig. 3 represents the 

pattern of the coupled stiffness matrix. In the computation, the local moments on the 
beam elements are neglected, and only the cutting forces in g and h direction are 
applied on the coordinates �� and �� (� = 1,2 … �	
�). These coordinates belong to the 
active cutting length, where the d� coordinate of the ��% cross-section is smaller than the 
depth of cut ¤¥. 

� = 56¦78,¦, ( 12 ) 

det§−ω©5�\���� + "\���� ª = 0.  ( 13 ) 

"]�]�
�«¥ = 9  �
] − �
]− �
]  �
] ;,   !]�]�
�«¥ = 9 ¡�
] −¡�
]−¡�
] ¡�
] ;. ( 14 ) 
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Fig. 3:  Pattern of the coupled symmetric stiffness matrix (white regions denote the zero 
elements) 

2.4. Forced motion 
The main goal of the developed method is to apply measured cutting forces on the 
endmill model and to estimate the surface quality based on the forced motion. During 
the cutting process the resultant forces in the g, h and d direction are provided by a force 
dynamometer. It is obvious, that forces acting on the cutting edges are complex 
distributed, but for the forced motion it is supposed that the measured cutting force is 
distributed uniformly along the active engagement zone. This assumption is illustrated in 
Fig. 4.  

 

Fig. 4: The measurement setup and the modeled uniform force distribution 

The generation of the forced motion based on full matrices in Eq. ( 1 ) would take too 
much computational effort due to the large matrices. Therefore, the system is reduced 
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by means of the modal transformation [21, 24]. The system is transformed into the 
modal space from the space of the general coordinates (?L = �) as follows: 

where the transformation matrix ? contains the mode shapes ? = /¬1, ¬5, … ¬G��G®��G®�4 calculated by means of the eigenvalue problem: 

The size of the system can be reduced by selecting only the important modes. In our 
case, only the first ���¯ = 50 modes were modeled, and the truncated transformation 
matrix ? = �¬1, ¬5, … ¬GH±²� is used. 

Equation ( 15 ) could be solved in the time domain, however, if periodic cutting 
processes are focused, the frequency domain solution is more appropriate. The forced 
motions of the selected modes are given by: 

During the computation the Fast Fourier Transformation (FFT) was used to transform 
the measured cutting force into the frequency domain and the Inverse Fast Fourier 
Transformation (IFFT) was used to determine the forced motion L(#) in time domain. For 
the surface generation, only the general coordinates of the active segments (� =1,2 … , �	
�, see Fig. 4) of the tool are required. 

In this section a mechanical model is described, which can provide the motions of the 
tool in case of a given forcing. The time function of the forcing can be simulated or 
measured during the cutting process.  

3. Generation of surface topography in peripheral milling 
To be able to reconstruct the surface topography of peripheral milling processes, a 
detailed material removal model was developed. The model describes the tool and 
workpiece geometry as well as the relative movement of both. Some well-known 
parameters, like diameter of the tool D, number of teeth N, helix angle � and process 
conditions (depth of cut ap, width of cut ae, feed per tooth fz) are used. Thereby, the tool 
path  (#) can be described by: 

?^�?L̈(#) + ?^!?L̇(#) + ?^"?L(#) = ?^�(#), ( 15 ) 

§−ω©,³5 � + "ª¬´ = 0.  ( 16 ) 

L(�) = (−ω5?^�? + µω?^!? + ?^"?)¶·¸?^�(�)¹. ( 17 ) 
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where � is the angular velocity of the spindle and vector �� describes the linear feed per 
tooth motion. Along this motion, the cutting edges are rotating around the Tool Center 
Point (TCP) by the rotation angle �(#) = �#. The cutting edge paths sij of the ith cutting 
edge can be described on level j as a harmonic function: 

where �´� is the cutting edge angle, which describes the current position of the ith cutting 
edge and �� is the cutting edge position angle at the jth level. These equations describe 
the relevant motion of the cutting edges along the tool path in the g − h plane. In the 
same way as the endmill has been described along the tool axis, the workpiece can be 
described as a number of polygons over the height of the workpiece dº. 

These polygons give the geometry of the blank part »� ¼ in the jth level. It is now possible 
to describe the workpiece contour at one time step t as the subtraction of tool paths si -
 si-1 and the previous workpiece contour »� �¶1: 

This can be done by Boolean operations like intersection and subtraction between the 
sampled polygons. The resulting geometry ½� in the jth level contains the contour of the 
resulting workpiece (see Fig. 5). 

(#) = ¾�5¿ ���, ( 18 ) 

�´�(#) = _−�´� ∙ cos§�(#) − �³À − ��ª�´� ∙ sin§�(#) − �³À − ��ª b + (#), 
 �´� = 5¿G (µ − 1) ;      �� = �Á- tan(�), 

( 19 ) 

½� � = ½� �¶1 ∩ ¸�ij ∩  �i-1 jÄÄÄÄÄ¹ÄÄÄÄÄÄÄÄÄÄÄÄÄÄÄ. ( 20 ) 
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Fig. 5: Principle of the material removal calculation 

By this method, the shape of the machined workpiece can be obtained, including the 
surface roughness of the machined contour. In real machining conditions, however, the 
contour of the machined surface is not only generated by the feed movement and the 
tool rotation, it is also influenced by vibrations and geometrical errors of the system 
which cause a relative movement between tool and workpiece. In order to implement 
these effects in the material removal process, the computed tool vibration �(#), 
described in section 2, is implemented. In the calculation of the machined surface, only 
the nodal motion of the tool is necessary , therefore, the deflection vector ���, ��� in the g − h plane is required (see Eq. ( 10 )). In order to calculate the workpiece contour 
caused by vibrations during the milling process in level j, deflections can be added to the 
cutting edge paths in Eq. ( 19 ): 

Using this additional term, it is possible to include the dynamic motion of the endmill 
during the cutting process. 

�Å´�(#) = _−�´� ∙ cos§�(#) − �³À − ��ª�´� ∙ sin§�(#) − �³À − ��ª b + (#) + _ ��(#) ��(#)b. ( 21 ) 
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In order to simulate the shape of the machined workpiece, a level curve representation 
of the workpiece is used [29]. The material removal procedure (Fig. 5) is done separately 
for each level curve of the workpiece. The generated level curves of the machined 
workpiece incorporate the geometrical profile of the machined surface.  

 

Fig. 6: Generation of the 3-dimensional workpiece model a) and meshed surface topography 
of the machined workpiece b) 

Such profile contains surface roughness caused by the feed movement of the endmill 
(Fig. 5). If some additional movements of the tool are implemented, it also incorporates 
the surface shape due to occurring tool vibrations �(#). The workpiece model contains a 
2½-dimensional representation of the workpiece volume. Thereby, it shows discrete 
information along the vertical direction d. Depending on the discretization of the tool and 
the workpiece geometry the vertical shape of the machined workpiece can be examined. 
To be able to examine the surface characteristics, the surface shape was meshed and 
interpolated to receive a smooth mesh of the machined surface. The meshed surface 
can be compared to the requested surface shape and thereby, quality indicators like 
surface roughness and shape deviation of the machined workpiece can be inspected, 
like it is shown in [16]. 

4. Experimental verification 
In order to evaluate the developed method, the reconstruction of machined surfaces is 
carried out for measured cutting forces and the reconstructed surface topographies are 
compared to the measured workpiece surfaces.  

4.1. Description of the experimental setup 
To implement the dynamic behavior of the machine tool into the global system matrix 
(see section 2), the dynamic response of the machine tool spindle was analyzed while 
the structure was excited. This was done by a laser vibrometer using the impact hammer 
method. The response was captured in two orthogonal directions. Thereby, it was found, 
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that the frequency response function of the spindle system is almost symmetric, so the 
cross effects are neglected in this model. 

In the finite element beam model of the tool, the geometric data and the material data of 
the endmill are used (see Table 1). During the computation, �� = 250 nodes and the 
system coupling parameters of [22] in table 2 were used. The first important natural 
frequencies and mode shapes are plotted in Fig.7 by using a meshed level curve 
representation of the tool. 

Table 1: Geometrical data and material properties of the milling tool 

Diameter  10 mm Cutting 
length  

50 mm Young’s 
modulus 

220 GPa 

Number 
of edges  

3 Total 
length  

115 mm Poisson 
number 

0.33 

Helix 
angle 

45 ° Chip 
space 
ratio 

50 % Density 7.8 kg/dm3 

 

Table 2: System coupling parameters [22] 

 Latheral Bending (x,y)  

Stiffness  �
],  �
] 300 �ÇÈ   £�
] ,  £�
]  1.6 ∙ 10Ê   �È>¤Ë 

Damping ¡�
], ¡�
] 182 �ÍÈ   ¡£�
] , ¡£�
]  1240 �ÈÍ>¤Ë  
 

 

Fig. 7: Representation of the magnified modes of the coupled tool-spindle system 
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For the examination of tool dynamics in milling processes, an experimental setup was 
designed. The setup is illustrated in Fig. 4. During a peripheral milling process, the 
cutting forces were measured by a three component force dynamometer (Kistler 
9257 B). The experimental parameters were chosen for the variation of spindle speed 
and constant engagement conditions: 

Table 3: Process parameters for the experimental milling processes 

Nr. 1 2 3 4 5 6 7 8 9 10 
ap  [mm] 16 
ae  [mm] 1 
fz  [mm] 0,05 
vc [m/min] 40 60 80 100 120 140 160 180 200 220 
fte [Hz] 63,7 95,5 127,3 159,2 191,0 222,8 254,6 286,5 318,3 350,1 
n [rpm] 1.273 1.910 2.546 3.183 3.820 4.456 5.093 5.730 6.366 7.003 
 

By varying the cutting velocity vc, the tooth engagement frequency fte was changed in 
ten steps. Thereby, the excitation of the machine tool was influenced. Ten different 
milling processes were performed by measuring the cutting forces in the workpiece 
coordinates. Afterwards, the surface topographies of the machined surfaces were 
captured by a confocal laser microscope. The experimental results are compared to the 
reconstructed surface topographies in the next section. 

4.2. Reconstruction of surface topographies 
In the first experimental run, moderate process conditions were chosen to be able to 
validate the influence of tool deflection and surface generation mechanism. The first 
milling process was performed using the parameter set 1 (Table 3). The milling process 
was found to be stable, concerning that there are no resulting vibration near to any 
natural frequency of the tool and machine tool structure. 

The cutting forces from the milling process were recorded and applied to the dynamic 
tool model, as described in section 2.4. The machined surface was reconstructed by 
applying the tool motion to the material removal model. The measured (a) and 
reconstructed surface topography (b) is compared in Fig. 8: 
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Fig. 8: Measured surface topography a) and reconstructed surface based on the measured 
cutting force b) and the theoretical cutting forces c) for parameter set 1 

As it can be seen from the measured surface, the topography contains a characteristic 
shape in the axial direction. Surface roughness can also be obtained from the measured 
surface, but it is affected by measurement noise. The surface roughness of the 
reconstructed surface (Fig. 8 b) includes some additional noise from the measured 
cutting forces. The agreement of the characteristic shape of the machined surface can 
be obtained from the profiles of topography a) and b). Referring to this validation for 
moderate process conditions, the developed method for the reconstruction of surface 
topographies shows good agreement between measured and reconstructed surface 
shapes even in case of the first verification. In order to verify the developed model, a 
third test case was performed by using theoretically calculated cutting forces. The 
simulated cutting forces do not include any process vibration or measurement noise, 
thereby the influences on surface generation can be separated. The used cutting force 
model delivers accurate cutting forces for several peripheral milling processes [30]. 
Computed cutting forces were applied to the tool model and the resulting deflections 
were used for the simulation of the theoretical surface topography (Fig. 8 c). It can be 
seen, that surface roughness is very small due to uniform engagement conditions and 
the absence of measurement noise. The nominal profile shape of the measured surface 
topography could not be predicted well, because the cutting force model was 
implemented in an open loop. Thereby, the material removal and cutting force 
generation is not influenced by the tool deflection. In this case, the developed method 
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for the reconstruction of surface topographies from measured cutting forces delivers 
qualitative information for the validation of milling processes. Furthermore, the 
developed method is able to reconstruct transient changes in the cutting conditions. 
Figure 9 shows a comparison between measured and reconstructed topography for an 
emerging cut. It can be seen that the shape of the two surfaces fits well both in the axial 
and in the feed direction. The slope of the surface in the feed direction at the end of the 
process is also predicted properly. 

  

Fig. 9: Measured a) and reconstructed b) surface created by a transient vibration at the end of 
process 1. The surface profile along the tool axis c) and the surface profile along the 
feed direction d) are plotted along the black lines in a) and b) 

Additionally, the reconstruction of surface topographies was verified for unstable process 
conditions. The measured cutting forces can easily be applied in the model in the 
presence of chatter. The measured and reconstructed surfaces for a milling process 
(Table 3 No. 8) with chatter vibration is shown in Fig. 10. Due to the necessary 
simplifications of the model of system dynamics, some deviations can be seen in the 
occurrence of dynamic surface marks. The reconstructed surface roughness is higher 
than the measured one but the characteristic of the chatter marks are similar.  
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Fig. 10: The measured a) and the reconstructed b) surfaces created by a slight chatter vibration 
during process 8. The surface profile along the tool axis c) and the surface profile along 
the feed direction d) are plotted along the black lines in a) and b) 

In case of chatter vibration, the presented method provides rather qualitative predictions 
for the machined surface. Depending on the application of the developed method, 
however, the reconstruction of workpiece quality for unstable process conditions will not 
be relevant, as long as process monitoring strategies will identify instability. Especially, 
for the task of process monitoring, the developed method will aim the understanding of 
process signals and will provide online evaluation criterion for quality related information 
from manufacturing processes. 

 

5. Conclusion and Outlook 
This paper presents a method for the reconstruction of surface topographies of 
machined surfaces based on the measured resultant cutting forces.  By representing the 
dynamic behavior of the machine tool and milling tool within a receptance coupling 
dynamic model, the tool motion during the milling process can be reconstructed. This, 
together with the measured cutting forces captured by a force dynamometer, and with 
the parameters of the engagement conditions of the peripheral milling process, the 
machined workpiece topography can be estimated accurately under moderate cutting 
conditions.  
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The comparison of the measured and the reconstructed surface topographies verified 
during experimental test runs also presented the limitations of the method. For stable 
cutting conditions, the developed method delivers an accurate reconstruction of the 
surface shape, and even for transient process conditions, the reconstruction delivers 
adequate results, too, since these are all the consequences of external dynamic 
excitations. The implemented method was also applied in case of chatter (self-excited) 
vibrations. In this case, however, the developed method is able to predict the 
characteristic shape of the machined surface qualitatively only, while the information on 
the roughness provides sufficient indication of the appearance of chatter. 

Although, the proposed methodology does not provide qualitatively reliable monitoring of 
the machined surface for extreme cutting conditions like in the case of chatter, it can 
work perfectly under moderate cutting conditions like in the case of finishing operations. 
This is true under the conditions that the model parameters, e.g. stiffness and damping, 
are obtained in several open loop dynamic measurements of the machine tool 
components, and the cutting and engagement geometry is identified accurately. 

Further development of the current configuration of the process model depends on 
concurrent design goals, which mainly are the accuracy, the performance and the 
flexibility of the approach. For further applications, the method has to be adapted either 
for higher accuracy, resulting in more complex models and increasing flexibility, or it has 
to be simplified in order to increase the performance for the online evaluation of process 
conditions in machining operations. The developed method has a great potential in 
online monitoring of the surface topographies during peripheral milling processes and 
this way, it may become an essential part of adaptive control strategies.  
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Model Based Reconstruction of Milled Surface Topography from 
Measured Cutting Forces 
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1. Highlights: 
The surface topographies of machined surfaces were reconstructed from measured 
cutting forces.  

The behavior of spindle, machine tool and the endmill was modeled.

The machined surface was reconstructed based on a process model for milling 
operations. 

Measured and reconstructed surfaces show good agreement for a range of milling 
processes.  

The implemented method can also be applied in case of chatter vibrations.  




